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ABSTRACT
ULTRA-THIN FILMS OF POLYVINYL ALCOHOL ON HYDROPHOBIC
SURFACES: PREPARATION, PROPERTIES, CHEMISTRY, AND APPLICATIONS
SEPTEMBER 2004
MIKHAIL KOZLOV, M.S., MOSCOW STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
Keywords: Surface Chemistry, Adsorption, Polyvinyl Alcohol, Ultra-thin Films.
A new approach to surface modification of materials has been formulated and
explored in great detail. It was shown that polyvinyl alcohol (PVOH) quickly and
irreversibly adsorbs to hydrophobic surfaces producing smooth, continuous, hydrophilic,
robust films in the thickness range of tens of angstroms. Surfaces of all hydrophobic
materials studied could be successfully turned hydrophilic by this adsorption, which is
performed from dilute aqueous solutions of PVOH. The ultra-thin films of adsorbed
PVOH were studied by means of contact angle, ellipsometry, XPS, AFM, FT-IR, and
DSC. Adsorption conditions, such as time, polymer concentration and molecular weight,
temperature, salt type and concentration, and polymer composition all have an effect on
the properties of the adsorbed film. The unique character of PVOH irreversible
adsorption among other water-soluble polymers is explained by polymer crystallization
V
IS
that occurs concurrently with adsorption. CrystalHnity within adsorbed films
demonstrated by the means of FT-IR and DSC. Chemical properties of adsorbed PVOH
were studied, and a number of synthetic procedures were developed for further
modification ofPVOH ultra-thin films. Cross-linking of adsorbed PVOH imparted great
stability in hot water. PVOH in the ultra-thin films was successfully converted into a
variety of polyvinyl esters and urethanes; polyethylene glycol was grafted "to" and
"from" these films. Prospective applications ofPVOH adsorption and its ultra-thin films
were studied, hnproved adhesion in glued joints of polyethylene was demonstrated when
PVOH was pre-adsorbed on PE before applying adhesive. PVOH adsorption and
subsequent PEG grafting significantly reduced protein adsorption on a hydrophobic
surface. A possibility to create defined features on PVOH surface by chemical patterning
was demonstrated. A novel design of vapor sensing devices based on the adsorbed and
modified PVOH was proposed and studied in detail. It was shown that remarkable
reproducibility in PVOH adsorption on surface acoustic wave devices can be achieved
and that ftirther chemistry of the adsorbed films permits the preparation of sensitive and
selective vapor sensors.
vi
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CHAPTER I
ADSORPTION OF POLYVINYL ALCOHOL ONTO HYDROPHOBIC
SURFACES
Introduction
Objects interact with other objects and the environment via their surfaces.
Understanding surface properties and the abiUty to selectively modify them are necessary
for improving material properties, such as wetting, spreading, friction, adhesion,
biocompatibility, corrosion resistance, etc. The low surface energy of many organic
materials, e.g. polyethylene, polypropylene, poly(tetrafluoroethylene) poses a problem
for their surface modification, hicreasing surface energy of these material usually
involves reactive gas discharge treatment (corona, plasma) or surface graft
polymerization of polar monomers.' These methods, though cost effective, usually do
not lead to precise, certain surface compositions.
The McCarthy group has a long history of designing successful techniques for
introducing discrete alcohol functionality to polymer surfaces, which are specific to
individual polymers and involve rather sophisticated chemistry.^"^ At the same time,
many natural polymers, specifically proteins, adsorb from water onto hydrophobic
surfaces^, thus increasing their surface energy. Our group observed that a synthetic
polymer, poly(L-lysine) (PLL), under specific conditions adsorbs irreversibly onto a
surface of a fluoropolymer, poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP), an
unusual behavior for a synthetic water-soluble polymer.^ It was hypothesized that PLL
undergoes a structure change upon adsorption, much like protein denaturation, which
makes this adsorption irreversible. Still, the adsorbed layer of PLL was likely not
1
continuous and too thin to be used as a means of surface modification. It was recently
reported that other water-soluble polymers, as diverse as poly(acrylic acid) (PAA),
poly(allylamine hydrochloride) (PAH), and polycthylenimine (PEI), could be used for
surface modification of FEP.** However, the extent of modification with any one of these
polymers was minimal, and sequential multilayer adsorption was necessary for formation
of a hydrophilic surface. The same group reported that polyvinyl alcohol (PVOH)
spontaneously adsorbs from aqueous solutions to FEP, producing a robust, hydrophilic
film on the order of lOA thick.'^ That research was initiated based on the report by
Akashi et al.'" that showed that multiple ultra-thin layers of PVOH could be built up on
gold surfaces. It was suggested that hydrophobic interactions are the driving force for
initial PVOH adsorption (the gold substrate used by Akashi et al. likely had adventitious
hydrophobic impurities). This behavior ofPVOH makes it unique among water-soluble
polymers. In fact, what sets it apart from these polymers is its unusual crystallization
behavior. PVOH is atactic yet semicrystalline.
We hypothesized that PVOH, being surface-active at hydrophobic surface/water
interfaces, concentrates at these sites allowing adsorption/crystallization to occur. Indeed,
increasing the local concentration of PVOH by freezing out free water in solution leads to
crystallization of the polymer in the so-called "microcrystallinity zones"." This forms
the basis for preparation of PVOH hydrogcls by a freezing-thawing procedure,
discovered by Peppas in 1975. We argue that concentration of PVOH molecules at
hydrophobic sites is much like removing water in the form of ice: both these processes
lead to formation of a water-insoluble polymer network, stabilized by crystalline
domains. Some of our findings have been published recently.'^
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L2. BackgroiinH
1.2.1. PVOH adsorption
A study ofPVOH adsorption is hardly new. Back in the 60's, one of the first
reports demonstrated PVOH adsorption on the air-water interface,*' and that this
adsorption was accompanied by enthalpic gain, an unusual behavior for a polymer
adsorption. It was hypothesized that "a high degree of internal hydrogen bonding"
promotes PVOH adsorption. Since then, a few groups have looked at PVOH adsorption
on hydrophobic surfaces. A study of stereoregular PVOH adsorption at the water-air
interface showed that syndiotactic polymer (the form most prone to crystallization)
decreases surface tension more efficiently than isotactic and atactic, and that at
concentrations above 3 g/L it forms multilayers that could be picked up from the surface
and had properties similar to films of bulk PVOH.'^ Similar work'^ later demonstrated
that such syndiotactic films have thickness in the hundreds of angstroms range and resist
water up to 50 T. Considerable attention was paid to PVOH adsorption on polystyrene
latex particles.'^''^ A recent detailed account ofPVOH adsorption on flat polystyrene
addressed the issues of kinefics, effects of molecular weight and the degree of
hydrolysis.'^ PVOH adsorption in this work was monitored in situ (surface plasmon
resonance) rather than after rinsing and drying, and most results are reported for the
degree of hydrolysis 87-89%. Important findings of this report will be compared to our
data in the Results and Discussion section.
As mentioned above, a recent report by Akashi et al,'° is a good starting point for
fiirther studies of PVOH adsorption. This group demonstrated effects of salt
concentration and temperature on multilayer PVOH adsorption, showing that both of
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these factors enhance hydrophobic interactions and promote adsorption. However, this
report omits data on PVOH adsorption in salt-free environment, and it was not until the
work by Coupe and Chen' when sequential adsorption without sah was demonstrated.
These reports laid a solid groundwork for a further detailed study ofPVOH adsorpt
a controlled environment. Our work was motivated by the necessity to clarify the effects
of substrate on adsorption, to elucidate the possibility of using these coatings for surface
modification (i.e., examine the adsorbed layers after rinsing/drying, and study their
stability), and to further expand the range of factors having an effect on this adsorption.
1.2.2. PVOH crystallization
A very important goal of our research was the study of the structure of adsorbed
coatings, and proving the initial hypothesis that it is the crystallization within the thin
layer that makes this adsorption irreversible.
The crystalline structure ofPVOH was extensively studied several decades ago.
As noted above, the stereroirregularity of PVOH chains does not prevent crystallization.
The hydroxyl group is small enough to be incorporated in the crystalline cell despite
stereoirregular arrangement. The crystalline model for PVOH^' was deduced in the
seminal work of Bunn from the fact that copolymers of ethylene and vinyl alcohol are
crystalline and show X-ray diffraction patterns similar to that of PVOH. The monoclinic
unit cell ofPVOH (Figure I-l, for dimensions see Table 1) is only a slightly distorted cell
of polyethylene. Also, very much like polyethylene, it is extremely difficuh to obtain
fully amorphous PVOH as it crystallizes so readily.
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Figure I-l
.
Crystalline structure of Polyvinyl alcohol.^' Open circles denote hydroxyl
groups.
As seen from Figure I-l
,
hydroxyl groups of PVOH that participate in crystalline
domains have two hydrogen bonds per group. This property can be used to determine the
degree of crystallinity of the polymer.
A key issue of this research is to explore the crystallinity of PVOH in the
adsorbed state. Neutron scattering studies have shown that gelation ofPVOH solutions
by freeze-thawing leads to formation ofjunction points that are indeed crystallites.^^ The
average size of the crystallites is approximately 70 A, and the average distance between
crystallites is 150 to 200 A. Since the adsorbed films are considerably thinner, the mere
existence of crystallites within them is questionable.
There are a number of techniques available to assess the crystallinity of PVOH,^*^
e.g. X-ray diffraction, infrared absorption, absorption of water, birefringence, circular
dichroism, swelling, broad-band NMR, accessibility to formalization, density
measurements, etc.
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Table I-l
:
General methods to study the crystallinity of PVOH.
Method
Density
(flotation in
ecu/benzene
mixture)
Pnncipie of the method
Crystallmity calculated according to the formula:
1 X 1-JC
P P o^ f^c Ha
where p, p^, and p^ are densities of the sample,
and of crystalline (1.345 g/cm^) and amorphous
(1.269 g/cm^) regions, and x is the degree of
crvstallinitv exoressed in vohimp frartinn
Reference
23, 24
X-ray
diffraction
Monoclmic crystalline cell has unit dimensions a =
7 81 A b = 2 5Ar = SSlA R — Qlo/lO'/.0 1/-V, \j ^.jn., p yi 4z . Major
diffraction is observed at 2^= 10.5, 15.5, 19, 23, 28
and 32°.
20, 21
inirarea
absorption
Crystallme-sensitive bands at 1141 and 1746 cm
Absorbance ratio Dgie/Dsso calibrated to density 26
Degree of
swelline
Degree of swelling gradually decreases as the degree
ui L'lyMauiiiuy iiiLicdscs, maepenQeni 01 molecular
weight
27
Differential
scanning
calorimetry
Heat of fusion 7.11 J/g, melting point 228-249 T
depending on tacticity and thermal history
28, 29
Infrared absorption for crystallinity studies deserves special mention. It is based
on the fact that the 1141 cm-1 band is sensitive to crystallinity (grows with heat
treatment), and that the bands at 1040, 916 and 825 cm-1 are amorphous sensitive.^" It
was shown that the intensity of the band at 1 141 cm-1 is not affected by the bound water
as long as the water content does not exceed several percent.^'
Figure 1-2 shows IR spectra of two PVOH samples with different degrees of
crystallinity. Obviously, the major difference between the spectra is that the more
crystalline sample absorbs considerably more strongly at 1 141 cm"'. Simple geometrical
procedures have been devised to extract the degree of crystallinity information from these
O /I IT
spectra. ' Usually, one needs two samples of known crystallinity to calibrate the
6
intensity of IR absorption, which is done by either X-ray diffraction or density studies.
I I
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Figure 1-2. IR spectra of two samples of solution-cast PVOH film: as-cast (lower) and
annealed at 150 °C for 30 min (upper).
In our work, we applied IR and DSC methods to research crystallinity of adsorbed
films.
1.3. Preparation of samples
1.3.1. Substrates for PVOH adsorption
Surface-modified silicon wafers were used as model substrates. This choice was
dictated primarily by the ease of their characterization: being atomically smooth and
reflective, silicon wafers are ideally suitable for ellipsometry, AFM, and contact angle
measurements. Also, procedures for their surface modification are well documented and
rather straightforward. One of these procedures was recently developed in the McCarthy
group. It uses alkyldimethylchlorosilanes as surface-modifying reagents (Figure 1-3).
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Figure 1-3. Surface modification of a silicon wafer with alkyldimethylchlorosilane.
This reaction can be performed either in an apolar solvent (toluene) or simply in
the gas phase (when the vapor pressure of the silane is high enough), and it goes to
completion in one-three days and reproducibly yields surfaces with high coverage of R
groups. The choice of the R group is the leverage to control surface energy.
Three silanes were used: tridecafluoro-
1 , 1 ,2,2-
tetrahydrooctyldimethylchlorosilane, «-decyldimethylchlorosilane, and 10-
(carbomethoxy)decyldimethylchlorosilane (Figure 1-4). All silanes were purchased from
Gelest and used as received, except for the fluorinated silane, which was purified by
vacuum distillation. The final surfaces produced via this procedure are termed covalently
attached monolayers (CAMs).
CF
/
CI— |i
/
'
CI—|iv^CH3
/
COOCH3
Figure 1-4. Reagents for surface modification of silicon wafers in the vapor phase.
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Silicon wafers were obtained from International Wafer Service (100 orientation,
P/B doped, resistivity 20-40 ^-cm, thickness 450-575 jum). The thickness of the native
oxide on these wafers was determined to be -20 A by ellipsometry. The wafers were cut
into 1.5x1.5 cm pieces and cleaned by submerging (overnight) in a freshly prepared
mixture of seven parts concentrated sulfuric acid containing ~3wt % sodium dichromate
and three parts 30% hydrogen peroxide. CAUTION: Upon preparation, the solution
warms to -90 °C and foams extensively due to the formation of oxygen and ozone.
Wafers were then removed and rinsed with copious amounts of water and dried in a clean
oven at 120 °C for 1 h. Silanization reactions were carried out immediately after treating
the wafers in this fashion. Silanization with alkyldimethylchlorosilanes was performed in
the vapor phase at 70 °C for 3 days using ~1 mL of silane. There was no contact between
the liquid silanes and the wafer. After silanization, all wafers except those modified with
the fluorinated silane were rinsed with toluene, ethanol, 50:50 ethanol/water, and water
(in this order). The C6Fi3(CH2)2Si(CH3)2Cl - modified silicon wafers were soaked in
perfluoro-2-butyltetrahydrofuran for 30 min and then rinsed with acetone, ethanol, and
water (in this order).
Another approach used to alter the surface chemistry of silicon wafers is
formation of self-assembled monolayers (SAMs). Although this approach is generally
less reproducible and more limited in terms of reagents, we also used it to make one
important surface for our experiments: an oligo(ethylene glycol)-terminated monolayer
(Figure 1-5).
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Figure 1-5. Preparation of an oligo(ethylene glycol)-terniinatecl surface.
Silicon wafers were cleaned and dried in the manner described above, and then
submerged in a 2mM solution of 3-fmethoxy(polyethyleneoxy)]propyltriethoxysilane in
toluene overnight, and then rinsed with a series of solvents used for alkyldimethyl-
chlorosilanes.
We thus prepared five types of surfaces (including clean silicon wafers), ranging
from very hydrophobic to very hydrophilic, for use in the study of PVOII adsorption.
1.3.2. PVOH samples
A variety of PVOH grades was purchased from Aldrich and used as received
(Table 1-2). As stated by the manufacturer and confirmed by our IR measurements, all
polymer samples were atactic. Stock solutions of PVOH containing 100 g/L polymer
were prepared by heating (85-100 °C) the polymer-water suspension for ~1 h on a boiling
water bath at constant stirring and then allowing it to cool. Solutions of lower
concentrations, as well as those containing salt, were prepared shortly thereafter by
diluting the stock solutions. All solutions were allowed to equilibrate for at least three
days before adsorption studies. All handling of PVOH solutions was done in non-glass
containers (polypropylene beakers for heating, polyethylene vials for storage, polystyrene
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Petri dishes for adsorption) in order to avoid the possibiHty of contaminating the
solutions with sodium tetraborate (a component of most laboratory glassware like Pyrex).
Table 1-2. PVOH samples used in our work.
Hydrolysis 99+% 98-99% 96% 87-89%
Molecular
weight
14,000
89,000-98.000
86,000-146,000
124,000-186,000
86,000-146,000 86,000-146,000 86,000-146,000
1.3.3. PVOH adsorption on modified silicon wafers
Modified silicon wafers were submerged in polymer solutions for a given amount
of time, removed and rinsed with copious amounts of water (see details below) and dried
under a stream of nitrogen for 1 h or in vacuum. For temperature dependence studies,
polymer solutions were pre-heated (or pre-cooled) to the desired temperature before
adsorption experiments, and the adsorption vessels were placed in a thermostatted water
bath.
It was reasonable to expect that PVOH also adsorbed on the solution-air interface,
and that this polymer film could be transferred to sample surfaces as the wafers were
submerged into and removed from adsorption solutions. Since this would alter our
results in an irreproducible fashion, precautions were taken in order to eliminate this
possibility. The samples were placed in adsorption solutions by slowly pouring the liquid
over the modified wafers. At the end of adsorption, the container with samples covered
with PVOH solution was placed under slow stream of deionized water, and each sample
was picked up with forceps and removed from solution while the water stream was
directed at its surface. The sample was then held under the stream of water for another
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30 seconds, after which the water was blown off the surface with compressed air. This
procedure completely eliminated the transfer of samples across PVOH solution - air
interface.
L3.4. PVOH adsorption on expanded PTFE sheet
Sheets of expanded polytetrafluoroethylene (e-PTFE) were received as a gift from
Du Pont. They were soaked in isopropanol, which was carefully displaced with water,
and PVOH solution was subsequently poured in. Alternatively, e-PTFE was soaked in
dimethylsulfoxide (DMSO); ultrasonication of DMSO was necessary in order to wet e-
PTFE. DMSO was subsequently drained and PVOH solution was added to e-PTFE.
Adsorption was carried out for 2 hours, after which time the samples were rinsed and
dried in the manner described for silicon wafers.
1,4, Characterization
1.4. 1
.
Contact angle measurements
Measuring the contact angles of a fluid on a surface provides information about
the outermost few angstroms of this surface. This method is inexpensive yet very
informative. The general thermodynamics of contact angle is described in terms of a
three-phase equilibrium existing at the point where the contact angle is measured (Figure
1-6). Young's equation '^'^ relates surface tensions at three interfaces y^y , .and y^y
and the value of the contact angle Oin equilibrium assuming that the solid surface is rigid
and non-deformable (Equation 1).
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Figure 1-6. Liquid-solid-vapor equilibrium
Tsy - YsL = Ylv cos e (Equation 1)
It is apparent that the chemical composition of the solid will have an effect on
contact angle. Real surfaces are rarely composed of a single type of chemical species;
they rather present a mixture of different functional groups. All components of such
surfaces will contribute to the value of contact angle. The Israelichvili-Gee equation-*'
(Equation 2) expresses this fact for a two-component surface.
where f\ andy2 are portions of surface covered with component / and 2 (/i+/2=l).
On a rough surface contact angle will be expressed via Wenzel's equation
(Equation 3)
where 6^ is the actual (measured) contact angle, dj is the thermodynamic angle, and r is
known as the roughness ratio {r>X). It is seen 6^ increases with surface roughness if 6j
is above 90°, and decreases if 0^ is below 90°.
When measurements are performed, one usually observes that the contact angle
obtained while adding liquid to the drop is greater than that obtained while the liquid is
(l + cos = /; (l + cos 6>,
)' + /2 (1 + cos )' (Equation 2)
cos^A = rxcos^ (Equation 3)
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withdrawn. The former is called the advancing contact angle (since the three-phase
contact line "advances" on the surface), the latter is termed receding angle, and the
difference is known as the contact angle hysteresis. The origin of this hysteresis can be
thermodynamic or time-independent, emanating from surface roughness or heterogeneity
in chemical composition. Kinetic hysteresis, on the other hand, arises in changes that
occur at the liquid-solid interface while the measurement is taking place, e.g. dissolution
or swelling of the surface material in the probe fluid, adsorption on the solid, migration of
impurity to the surface, or surface reorientation. Effects of surface swelling^^ and motion
of molecules to minimize the interfacial free energy^** are especially pronounced for
polymer surfaces.
Water is a common probe fluid for contact angle measurements. Its small
molecular volume often leads to penetration of water molecules into the substrate. Some
research^' points out that water could not be used as a probe fluid on PVOH due to
excessive swelling bordering on dissolution of the polymer. On the contrary, recent
publications and our experiments indicate that water is a suitable probe' for adsorbed
PVOH. In fact, as long as the film does not dissolve in the liquid, water is probably the
best probe fluid for PVOH since it is capable of sensing even minor changes occurring on
the surface of a hydrophilic polymer. We employed dynamic contact angle
measurements, recording advancing and receding contact angles when water was added
to and withdrawn from the drop, respectively. It is generally accepted'''' that on a
heterogeneous surface, advancing water contact angle probes the hydrophobic
component, while the receding one is more influenced by the hydrophilic part of the
surface. Thus, the dynamic measurements are especially informative when surface
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chemistry of adsorbed PVOH is studied (see the next Chapter).
In this study, contact angle measurements were performed with a Rame-Hart
telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle. Water
for these studies was purified using a Millipore Milli-Q system that involves reverse
osmosis, ion exchange, and filtration steps to produce a final resistivity of lO'^ a/cm
.
I.4.2. Ellipsometrv
Ellipsometry is an easy-to-use, non-destructive optical technique that allows the
measurement of thickness for a film placed on a reflective support.'^^ It uses coUimated,
plane-polarized light that impinges on the surface of the material at a given angle (Figure
1-7). The reflected light will be a sum of components produced upon reflection at
different interfaces. This light will be elliptically polarized, A and \\f being the variables
characterizing the ratio of axes of the ellipse and its tilt with respect to the original plane
of polarization, respectively. It is these variables that are used to deduce the film
thickness. Ellipsometry can accurately measure film thickness from a few angstroms to a
few microns.
EUipsometric measurements were made with a Rudolph Research model SL-II
Figure 1-7. A model of ellipsometric measurements.
15
automatic ellipsometer with an angle of incidence 70*^ from the normal. The light source
was a He-Ne laser with A =632.8 nm. Measurements were performed on 3-5 different
locations on each sample. The thicknesses of the layers were calculated from the
ellipsometric parameters (A and y) using DaflBM software. Calculations were
performed for the transparent double layer model (silicon substrate/silicon oxide +
alkylsilane layer/PVOH/air) with the following parameters: air, «„=1; PVOH, «/=1.5;
silicon oxide + organic monolayer, n2=1.462; silicon substrate, «,=3.858, ;t,=0.018
(imaginary part of refractive index).
1.4.3. Atomic force microscopy (AFM)
Atomic force microscopy employs a small sharp probe that drags along the
surface and closely follows the surface profile (Figure 1-8). The tip is attached to a
cantilever (in fact, is a part of it), which deflects up and down as the tip rises and drops. A
laser beam is directed at the top of the cantilever, and the reflected light is detected by a
photodiode. This gives information about the state of deflection of the cantilever at any
given moment.
Pholo diode
—
I
Sample
Figure 1-8. Principle of Atomic Force Microscopy,
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The tip is usually made of silicon or silicon nitride to ensure superior hardness
compared to the surface. The size of the tip is around 10 nm, which allows the horizontal
resolution to be in the range of several nanometers. Tapping mode M M means that the
cantilever is oscillating, constantly bringing the tip closer to the surface and then moving
it farther away. The advantages of the tapping mode are that the surface is less damaged
by the tip then in contact mode and information about the viscoelastic properties of the
material can be obtained. In our work, Al^'M images were obtained with a Digital
Instruments Dimension 3 100 scanning probe microscope with a NanoScope 111 controller
operated in tapping mode.
1.4.4. X-rav photoelectron spectroscopy (X?^)
XPS, also known as lilectron spectroscopy for Chemical Analysis (HSCA/',
takes advantage of the photoelectric effect; a photon can transfer its energy to an electron,
and, when the photon energy exceeds the electron binding energy, the latter leaves its
orbital. This is expressed in Equation 4
=hv- E,, (Equation 4)
where Ei, and E^ are the electron's binding and kinetic energies (after leaving the atomic
orbital), respectively. In an XPS instrument, photons iinpinge on the surface of a
material, and the ejected electrons (photoelectrons) are detected. Since the detected
kinetic energy is related to binding energy, information about the type of elements and
their chemical state on the surface can be determined. Although X-rays travel deep into
the material, electrons can only escape from a depth of few atomic layers, which makes
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XPS a surface sensitive technique. The depth of analysis is given by Equation
^ = (Equation 5)
where N is photoelectron count, h is the depth of the signal of interest, A is the mean free
path of electrons, specific for a given orbital, element and material, and (9 is the angle that
the detector makes with the sample plane. Thus, the closer the detector position is to
being normal to the sample plane, the greater is the sampling depth. For example, typical
carbon Is electron mean free path values for polymers are on the order of 10-45 A,
yielding sampling depths about 8-35 A for ^ = 15° and 30-130 A for e=15°. In order to
amplify information about the chemical state of an element, for example, to assess the
concentration of a certain functional group on the surface, it is often labelled with a
reagent bearing elements not present in the material.
The XPS spectra were recorded with a Perkin Elmer - Physical Electronics 5100
instrument with Mg K,x excitation (15 kV, 400W) and with a Physical Electronics
Quantum 2000 Scanning Microprobc. Spectra were obtained at three different takeoff
angles, 15°, 45*^ and 75°.
1.4.5. Infrared spectroscopy
IR spectroscopy in the Attenuated Total Reflection mode (ATR-IR) was used for
analysis of the crystalline structure of adsorbed PVOH. The principle of the method is
illustrated in Figure 1-9. An infrared beam is directed inside a prismatic 77? crystal at a
certain angle ofincidence. If the refractive index of the ATR crystal is significantly
higher than that of the sample material attached to its surface, the IR beam will keep
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reflecting off the interface and will only escape the crystal when it reaches the opposite
face.
Figure 1-9. Experimental set-up for ATR-IR investigation ofPVOH crystallinity.
During multiple reflections, the beam gets partially absorbed by the sample, so that when
obtained. The value of the penetration depth, or the maximum distance from the crystal
surface at which the IR beam will still "see" the material of the sample, is given in
Equation 6.
The value of dp depends on wavelength X
,
refractive indices of the crystal nr and the
sample n, and the angle of incidence 0 . We have used ATR crystals made of germanium
{Ur = 4.0), thus ensuring good sensitivity at a low penetration depth. Unfortunately, even
with a Ge crystal we could not use a silicon-supported monolayer with adsorbed PVOH
as a "sample" simply because the polymer layer was too thin and the absorption by
silicon and silicon oxide was very difficult to account for. Also, to ensure good
measurements, it was extremely important to have very tight contact between the ATR
crystal and the sample, which is usually achieved by holding the two together with force
the escaping beam is compared with the incident one, an IR spectrum of the sample is
(Equation 6)
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(using a strong clamp). Since both germanium and silicon are very brittle, we were not
able to apply any pressure on them. A way around this was to use the surface of the
crystal itself as a substrate for adsorption, tadeed, ATR-IR is already routinely used to
monitor protein adsorption on the crystal surface in situ'' Of course, we had to control
surface properties (hydrophobicity) of the surface onto which PVOH was adsorbing. An
approach to alter surface properties of a germanium ATR crystal was reported in a study
of protein adsorption and involved coating germanium crystal with a thin layer of
polystyrene (Figure 1-9). We assumed that this coating adequately represented a general
case of a hydrophobic surface.
ATR-IR spectra ofPVOH films were obtained using a Bio-Rad FT IR
spectrometer equipped with an MCT detector. Germanium 45° ATR crystals (1x5x10
mm) were purchased from Harrick Scientific. They were submerged in a 0.1% (w/v)
solution of polystyrene in toluene and withdrawn at a slow constant rate to form a thin
uniform coating. Then two faces of the crystal transmitting the IR beam were wiped with
a cotton swab moistened with toluene, the crystals were dried and subjected to PVOH
adsorption. A Harrick Scientific 45° fixed angle beam condenser was employed for
operating the spectrometer in ATR mode. Background spectra were recorded on
polystyrene-coated germanium crystals, and these were subtracted from the PVOH
spectra. Each spectrum was obtained using 1024 scans.
1.4.6. Differential scanning calorimetry (DSC)
Samples of expanded PTFE with adsorbed PVOH were weighed out on a
microbalance (-13-15 mg), folded over several times and sealed tightly in aluminum
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DSC pans. DSC measurements were carried out with a DuPont 2000 DSC instrument
under nitrogen gas flow at a heating rate 5 T/min. For the heat of fusion (AH,) of
PVOH, 7.1
1
J/g was used according to the literature.^"'^'^
1.5. Results and Discussion
1.5.1. Effect of substrate on PVOH adsorption
First we focused our attention on the issue of surface energy of the substrate for
PVOH adsorption, since the research available in the literature did not systematically
address it. Four kinds of organic monolayers, as well as clean silicon wafers, were
subjected to PVOH adsorption for 1 hour (Table 1-3). The most noticeable trend is that
PVOH does not adsorb to hydrophilic surfaces (PEG and silica) at all, while it adsorbs
very well to two hydrophobic substrates (alkyl and fluoroalkyl). The carbomethoxy-
terminated monolayer is marginally hydrophobic, as seen from water contact angle
values, and PVOH thickness on this monolayer is half the value obtained on the two
hydrophobic monolayers. This leads us to the conclusion that surface hydrophobicity is a
key factor in PVOH adsorption, which is apparently driven by the hydrophobic effect.
The hydrophobic effect''^ is an entropy-driven process of exclusion of non-polar organic
molecules from water in order to "free up" those water molecules that are "caged"
surrounding these organic species. Our further investigations of temperature and salt
effects on PVOH adsorption will provide additional evidence establishing the role of the
hydrophobic effect.
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Table 1-3. Adsorption of PVOH on modified silicon wafers: ellipsometric thickness anddynamic water contact angles. PVOH sample was 99%+ hydrolyzed, MW 89 000-
98,000, concentration 1 g/L, room temperature, adsorption time 1 hour
'
Contact angle on bare
monolayers,
Contact angle after
PVOH adsorption,
Thickness of
adsorbed PVOH, A
^6rl3-(^H2)2- 1 16/107 62/9 28±2
CH3-(CH2)9- 1 07/90 61/9 29±2
0
CH30-C-(CH2)io-
86/76 68/10 13±1
CH3O-PEG- 57/35 57/35 ~0
Clean silicon wafer Water spreads Water spreads ~0
1.5.2. Adsorption kinetics
The time dependence ofPVOH adsorption was studied using the fluoroalkyl
supported monolayer and a dilute solution of 99+% hydrolyzed PVOH.
Figure I- 10 demonstrates that the adsorption is initially very fast and then slows
down as the interface saturates. It reaches a plateau from 90 min - 24 h, but a slow
further growth in thickness is observed. This slow growth stops by 120 h as evidenced
by the fact that the thickness after 240 h is unchanged relative to the thickness after
120 h. All subsequent adsorption experiments were carried out for 2 h, conditions that
yielded reproducible film thicknesses as assessed by these techniques. We cannot readily
explain the slow further film growth on the monolayer, but make several comments in
this regard. If the polymer film is removed from the solution, dried, and resubmerged,
another layer ofPVOH adsorbs, as we shall see later in this Chapter. This behavior has
been observed for FEP' and gold'" (from solutions containing salt) as well. This
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indicates that the surface of the PVOH thin film must reconstruct on drying to a structure
different than that of the as-adsorbed polymer in contact with water. It is likely that the
hydroxyl groups hydrogen bond with one another and orient away from the surface to
minimize surface energy causing the film to become more hydrophobic. It is possible
that the adsorbed PVOH layer on the fluoroalkyl monolayer reconstructs to some extent
at late adsorption times giving rise to the additional slow PVOH adsorption.
30
c/3 28
I 26
IS
a 24
22
B
i 20
S 18
16
1
• •
<
f
(H) 120 240 m
Time (h)
0.01
I I I I Mll|
0.1 1 10
Time (h)
TFT] r—I—nn
100
Figure I- 10. Kinetics of PVOH adsorption on the fluoroalkyl monolayer from 1 g/L
solution at room temperature. The semi-log scale does not clearly show that the kinetics
levels out, which is demonstrated in the insert.
1.5.3. Effect of polymer concentration and molecular weight
Recently published light scattering data for a PVOH solution"*^ (molecular weight
155,000, degree of hydrolysis 99%+) indicate that the chain overlap concentration for
PVOH molecules in water is around 10 g/L. Since we were mostly interested in true
adsorption (Langmuirian type), we covered the concentration range well below this point,
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starting at 0.01 g/L, and going up to 100 g/L in polymer concentration (provided the
solution was not a gel yet).
Three commercially available molecular weights (MW) ofPVOH were used:
14,000, 89,000-98,000, and 124,000-186,000, all grades "fully hydrolyzed". It could be
expected that a higher MW polymer will yield thicker adsorbed layers, which indeed was
the case in the study ofPVOH adsorption on PS.'^ At the same time, there is another
report indicating that lowerMW polymer possesses greater surface activity."* It was in
the scope of our research to clarify which trend prevails in this system.
Figure I-l lA shows the dependence of net ellipsometric thickness (does not
include oxide layer or fluoroalkyl monolayer) of adsorbed PVOH coatings upon polymer
concentration in solution. Two regions can be distinguished in these curves: (1) PVOH
thickness gradually increases with concentration and levels at intermediate concentration,
(2) adsorbed amount rises further at higher concentrations. We ascribe this second sharp
growth to increased viscosity of PVOH solutions. Instead of single molecules adsorbing
from dilute solutions, at high concentrations entangled molecular agglomerates contribute
to adsorption. This effect is more pronounced with the highest molecular weight PVOH
sample, which supports the increased viscosity hypothesis. The reported value of the
entanglement concentration C* for aqueous PVOH solutions'^ approximately
corresponds to leveling of this dependence in the region of high concentration. As we
will demonstrate later in this Chapter, PVOH adsorbed from more dilute solutions
produces coatings with higher degrees of crystallinity than those adsorbed from viscous,
concentrated solutions. Apparently, the entangled macromolecules adsorbing from
concentrated solutions are forced to assume conformations that reflect their solution
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structure and their ciystallization is inhibited.
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Figure 1-11. Ellipsonietric thickness (A) and advancing water contact angle (B) of PVOII
thin films ad.sorbed on the lluoroalkyi monolayer at room temperature. Molecular
weights of PVOII: I4,()()() (C ); S9,()()()-98,()()() (A); I24,()()()-IS6,()()0 (n ), degree of
hydrolysis 99 1 % for all grades. Lines are to guide the eye.
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This importance of chain freedom at the moment of adsorption is illustrated in
Figure I-l 1 A by the fact that PVOH of the lowest molecular weight, 14,000, produces
thicker adsorbed layers in the region of dilute solutions. This is readily explained by the
greater mobility of short polymer chains and their ability to adjust easily to their adsorbed
neighbors forming coatings of higher crystallinity. This behavior may also indicate that
in a dilute solution of a polydisperse PVOH sample, the fraction of lowest molecular
weight is likely to adsorb preferentially. On the other hand, Barrett et al.'*^ observed that
higher molecular weight PVOH produces thicker layers. However, this group reported
the results of an in situ study, a very different situation. Since the thickness in solution
greatly depends on solvent quality, thicker swollen films could possibly correspond to
thinner dry films. The results reported here were obtained from carefully rinsed and
dried films and actually may reveal the importance of better crystallization of low
molecular weight polymer. Nevertheless, our results agree well with the data on surface
activity of different molecular weights of PVOH.''*
Advancing water contact angles as a function of adsorption solution concentration
for three molecular weights are shown in Figure I-l 1 B. The major trend noticeable from
this graph is that water contact angles drop as the solution concentration increases. The
small initial drops are most likely due to incomplete coverage of the surface at low
solution concentration (a small fraction of hydrophobic substrate remains exposed).
After an intermediate plateau, the contact angles drop sharply for the two higher
molecular weight PVOH samples. As will be shown later, adsorption from concentrated
solutions produces coatings of lower crystallinity. There are two reasons for them to
have lower water contact angles. First, since crystalline PVOH is characterized by
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doubly hydrogen-bonded hydroxyl groups,^" less crystalline surfaces have more "free"
OH groups, which make them more hydrophilic. Second, contact angle is lowered by
absorbed water, which is always present in the amorphous regions of PVOH. The
molecular weight of the polymer has a dramatic effect on the position and magnitude of
the drop in contact angle-concentration curve, which can also be explained by higher
viscosity and multiple entanglement of larger polymer chains.
1.5.4. Effect of degree of hvdrolvsis of PVOH
By the nature of its synthesis, PVOH often contains a certain percentage of
polyvinyl acetate (PVAc) fragments left over due to incomplete hydrolysis (Figure 1-12).
OH
n
OAc OAc
random copolymer
Figure 1-12. Hydrolysis ofPVOH precursor, polyvinyl acetate.
We have compared four commercially available grades of PVOH with the same
range of MW, 86,000-146,000, having different degrees of hydrolysis: 87-89%, 96%, 98-
99%, and 99%+. Hydrophobic acetate groups impart greater surface activity to PVOH,"*^
but they also disrupt ordered packing of polymer chains and, of course, do not participate
in intermolecular hydrogen bonding, thus lowering the degree of crystallinity (homo-
PVAc is normally fully amorphous). This study revealed that a higher content of residual
PVAc units in the polymer leads to thicker coatings, particularly in the region of low
concentrations (Figure I- 1 3 A). This can be ascribed to better adsorption of a more
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same
hydrophobic polymer to a hydrophobic substrate. Water contact angle data of these
coatings are shown in the Figure 1-13B. It is apparent that even a small presence of vinyl
acetate repeat units in the polymer totally removes the effect discussed in the previous
section: there is no sharp drop of contact angle in the region of high concentration. Vinyl
acetate units do not participate in the formation of the crystalline phase of the polymer,
and being more hydrophobic, they partition to the outermost surface of PVOH coatings.
Our data is consistent with a previous XPS study of surface composition of partially
hydrolyzed PVOH."*^
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Figure 1-13. Ellipsometric thickness (A) and advancing water contact angle (B) of PVOH
thin films adsorbed on the fluoroalkyl monolayer at room temperature. Degrees of
hydrolysis of PVOH: 99+% (O); 98-99% (A); 96% (); 87-89% (x); molecular weight
of all grades 86,000-146,000. Lines are to guide the eye.
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I.5.5. Effect of salt
PVOH adsorption was studied as a function of salt concentration in solution. We
chose sodium chloride, sodium sulfate (PVOH coagulators used in the fiber industry),
and sodium thiocyanate (PVOH stabilizer)^^ for these studies. A dilute solution (1 g/L)
ofPVOH (99%+ hydrolyzed, 89,000-98,000) was used, and salt concentration was varied
from 0.001 to 2M. PVOH precipitated only from IM and 2M solutions of Na2S04
(corresponding data points were omitted), whereas in other salt solutions PVOH appeared
soluble. The ellipsometric thickness of adsorbed layers vs. salt concentration is shown in
Figure I- 14A. Apparently, chloride and sulfate promote PVOH adsorption at the
fluoroalkyl monolayer - solution interface at high concentration. Thiocyanate has little
effect until high concentration, at which it causes a slightly reduced thickness. This
behavior agrees well with the Hoffmeister series of anions arranged in the order of their
"salting out" effect."*^ Sodium sulfate is one of the strongest kosmotropes (water
structure makers, which exclude hydrophobic substances from aqueous media), sodium
chloride is a relatively weak kosmotrope, and sodium thiocyanate is a potent chaotrope
(water structure breaker, which increases solubility of hydrophobes in water).
Kosmotropes enhance hydrophobic interactions'*^ thus promoting PVOH adsorption,
which is seen in Figure I- 14A.
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Figure 1-14. Ellipsometric thickness (A), advancing water contact angle (B) and AFM
surface rougiiness (root mean square) (C) of fully hydrolyzed PVOH (molecular weight
89,000-98,000, concentration 1 g/L) adsorbed on the fluoroalkyl monolayer at room
temperature, in the presence of NaCl (O), Na2S04 (), and NaSCN (A). Lines are to
guide the eye. Straight horizontal lines indicate the values normally obtained without
salt.
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Contact angle data shown in Figure I-14B and surface roughness values (RMS)
assessed by AFM in Figure I-14C show that in case of NaCl and Na2S04 smoother
PVOH films are obtained at either high salt concentration or at relatively low
concentrations. Peaks corresponding to IM NaCl and 0.01-O.lM Na2S04 both in contact
angle and roughness plots represent intermediate regions of rough coatings. AFM images
of PVOH coatings obtained without salt, at IM, and at 2M NaCl, are shown in Figure I-
15 and Figure 1-16 to illustrate this trend.
No salt
ID . riN
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Figure 1-15. Tapping mode AFM images of PVOH (fully hydrolyzed, molecular weight
89,000-98,000, concentration 1 g/L) adsorbed on fluoroalkyl monolayer. Image size 3x3
jum.
This interesting effect of salt concentration on roughness can be explained if we
take into consideration that PVOH adsorption is a two-stage process. First, PVOH
adsorbs at a hydrophobic-hydrophilic interface; second, the molecules in the adsorbed
layer develop a network of intra- and intermolecular hydrogen bonds, which stabilize the
coating and make it insoluble in cold water. It should be emphasized that all
measurements were performed on the coatings that were removed from the polymer
solution, rinsed and dried. Thus, we are only able to detect stable coatings that
successfully pass both steps,
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Figure 1-16. Tapping mode AFM images of PVOH (fully hydrolyzed, molecular weight
89,000-98,000, concentration 1 g/L) adsorbed on alkyl and carbomethoxy-terminated
monolayers.
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Obviously, salts like NaCl and Na2S04 favor the adsorption step. At the same
time, these salts likely impede formation of a developed network of hydrogen bonds
among PVOH molecules. There is both experimental^^ and theoretical^' evidence that
kosmotropes disrupt hydrogen bonding in water, significantly reducing the average
number of water-water hydrogen bonds. Thus, the observed dependence may be a
superposition of these two effects: salt at low concentration has a greater effect on
hydrogen bonding, while the same salt at high concentration is responsible for a strong
"salting out" effect, which drives the polymer adsorption.
1.5.6. Effect of temperature
Since we proposed an in-depth investigation of the mechanism ofPVOH
adsorption, varying temperature in our system allowed us to take a closer look at the
thermodynamics of this process. Dry PVOH fully dissolves in water at around 90 °C: at
this temperature water breaks up the crystallinity of the polymer. Thus, it can be
expected that crystallization is impeded in the proximity of this point, affecting the
stability of adsorbed films. On the other hand, polymer molecules have greater mobility
at a higher temperature, which may favor better packing upon adsorption. We have
studied adsorption over a wide range of temperatures, from 10 °C to 90 °C, both in a salt-
free solution and in concentrated salt.
Our studies of the effect of temperature on film thickness, wettability, surface
composition and surface roughness of adsorbed PVOH coatings further illustrated the
dual character ofPVOH adsorption. Figure I-17A shows temperature dependence of
ellipsometric film thickness, both in the presence of2M NaCl and without salt. Higher
34
temperatures increase the "salting-out" power of concentrated salt solution, which results
in thicker films. On the other hand, temperature has little effect on adsorption from salt-
free solution below 80 °C, at which temperature water starts breaking interpolymer
hydrogen bonds. Figure I-17B shows the temperature dependence of advancing water
contact angle. It is seen that for coatings made in the presence of 2M NaCl, contact
angles drop significantly with temperature, which may be a consequence of greater
surface roughness and lower crystallinity (as proven by infrared spectroscopy, see
below). It is also seen in Figure I-17B that the contact angle ofPVOH adsorbed without
salt practically does not change until 50°C.
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Figure 1-17. Ellipsometric thickness (A) and advancing water contact angle (B) of fully
hydrolyzed PVOH (molecular weight 89,000-98,000, concentration 1 g/L) adsorbed on
the fluoroalkyl monolayer from salt-free solution ( • ) and from 2M solution of NaCl
(O). Lines are to guide the eye.
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Further studies of the films adsorbed from salt-free solutions were performed.
Figure I-18A shows the adsorption temperature dependence of the 0:F XPS atomic ratio
at 15« take-off angle. At this angle, the depth of analysis is -15 A. Since the
ellipsometric thickness of films in this temperature region is around 27 A and does not
vary much, the XPS data can only be explained by the physical structure of these films.
Indeed, AFM analysis performed on these surfaces has shown that films prepared in the
intermediate temperature range (40-50 °C) are smoother than those adsorbed at either low
(10-20 °C) or high (60-70 °C) temperature (Figure I-18B). This is fully consistent with
the XPS data in Figure I-18A: the higher atomic concentration of fluorine at low and high
temperatures simply indicates the presence of defects in PVOH films, exposing the
fluoroalkyl substrate. AFM images in Figure 1-19 further illustrate this trend.
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Figure 1-18. 0:F ratio (XPS at 15 deg. take-off angle) (A) and AFM surface roughness
(root mean square) (B) of fully hydrolyzed PVOH (molecular weight 89,000-98,000,
concentration 1 g/L) adsorbed on the fluoroalkyl monolayer from salt-free solution.
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This critical dependence may be readily explained again by considering the two-
stage mechanism ofPVOH adsorption. The physical adsorption is driven by
hydrophobic interactions that become stronger as temperature increases. On the other
hand, at higher temperatures water molecules start competing with hydroxyls for
hydrogen bonding, breaking intermolecular association in the PVOH thin film, which at
-80 °C leads to dissolution of the film. There is an intermediate temperature region
where the sum of these two factors produces homogenous, smooth coatings.
10°C 50°C
no 2,00 t.Wim '
70°C 80°C
Figure 1-19. Tapping mode AFM images ofPVOH (fully hydrolyzed, molecular weight
89,000-98,000, concentration 1 g/L) adsorbed on the fluoroalkyl monolayer without salt.
Image size 3x3 jum.
1.5.7. Multilayer sequential PVOH adsorption
Sequential PVOH adsorpfion, i.e. building up adsorbed thickness by repetitive
dipping/drying cycles, was reported in both salt'° and sah-free solutions^. However, our
initial adsorption protocol (1 g/L PVOH, room temperature, drying with nitrogen
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between the cycles) did not result in multilayer adsorption, which is why we performed a
more detailed study of sequential adsorption, varying drying conditions and polymer
concentration. It was determined (Figure 1-20) that drying adsorbed PVOH in vacuum
after adsorption rather than under nitrogen flow allowed for multiple layers to form.
Also, multilayer adsorption was observed from solutions of higher concentration, even
when nitrogen drying was used between the cycles. Obviously, the surfaces restructure
significantly upon drying, and become "hydrophobic" enough for the next layer to
adsorb. This restructuring is most likely due to further crystallization of the polymer
within the film (see section I.5.9.). We note, however, that the thickness added between
the cycles was considerably lower than for the first layer adsorption: 5-8 A for 1 and 10
g/L, and -20 A for adsorption from 100 g/L solution. We recall that our adsorption
kinetics indicated slow restructuring and growth of adsorbed PVOH after 1 day of
adsorption, so it could be surmised that drying may simply speed up this process. Water
contact angles were higher for vacuum-dried samples, indicating more significant
restructuring of adsorbed coatings when a more rigorous drying was applied. These
results point to a possibility of making PVOH films of desired thickness by simply
adding more submerging/drying steps.
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Figure 1-20. Multi-step adsorption of PVOH (fully hydrolyzed, molecular weight 89,000
98,000) on fluoroalkyl monolayer for three polymer concentrations (shown on right).
Samples were either vacuum-dried () or blow-dried with nitrogen ( • ) between cycles.
Numbers next to curves are averages of dynamic water contact angles.
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L5.8. PVQH adsorption on expanded PTFE
Expanded PTFE (e-PTFE) is a very hydrophobic material, so neither water nor a
PVOH solution can displace air from the small pores (Figure 1-21), i.e. the solvents do
not wet e-PTFE. Thus, we had to use an organic solvent that would pre-wet e-PTFE and
then could be replaced with a PVOH solution. The solvent of choice for wetting porous
organic membranes is usually isopropyl alcohol (iPA), since it is miscible with water and
has a relatively low volatility, hi fact, there is a patented procedure for coating e-PTFE
with PVOH, which advises using iPA to wet e-PTFE, displace it with water, and then
add a PVOH solution. This report, however, does not address PVOH adsorption on
Teflon at all, merely suggesting that completely drying PVOH solutions that cover e-
PTFE produces hydrophilic coating. In practice, displacing iPA with water is a tricky
procedure since formation of air bubbles inside the hydrophobic pores quickly causes
dewetting of the membrane. We were concerned that iPA, a non-solvent for PVOH, may
cause precipitation ofPVOH from aqueous solution if it were not completely displaced
by water, and that this would prevent us from studying true adsorption of PVOH on e-
PTFE.
42
Figure 1-21. SEM image of an expanded PTFE sheet
A procedure to avoid this problem was devised and involved using a solvent that
does not cause precipitation of PVOH from aqueous solution. Dimethyl sulfoxide
(DMSO) was chosen since it is one of very few organic solvents for PVOH. In order to
pre-wet e-PTFE with DMSO, the film had to be placed in freshly distilled DMSO and
sonicated for 30 min. Complete wetting was judged by film transparency. DMSO could
then be completely drained, still leaving the e-PTFE wet (DMSO has very low volatility).
PVOH solution was added to these membranes wet with DMSO, left for two hours and
meticulously rinsed away with water. Separately, it was shown that PVOH does not
adsorb on a fluoroalkyl silicon-supported monolayer from solution in pure DMSO
(concentration 10 g/L).
All e-PTFE sheets treated in this fashion, either via iPA or DMSO pre-wetting,
became completely hydrophilic, i.e. they were readily wettable with water, behaving
similar to paper tissue. This result alone is very significant since it allows easy surface
modification of a chemically stable, highly porous material. We also attempted to
quantify PVOH adsorption on e-PTFE. Table 1-4 lists the results of weighing e-PTFE
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sheets before and after PVOH adsorption. It is seen that the results for iPA and DMSO
are very close, which most likely rules out the possibility of PVOH precipitation when
iPA was used.
Table 1-4. Weight gain upon adsorption of PVOH on expanded PTFE sheet.
Weight gain, %
DMSO, 20 g/L PVOH 2.64
IPA, 20 g/L PVOH 2.09
DMSO, 5 gyO. PVOH+ IM NaCl 2.17
IPA, 5 g/L PVOH + IM NaCl 2.07
DMSO, 10 g/L PVOH (88% hydr.) L62
IPA, 10 g/L PVOH (88% hydr.) 1.72
DMSO, 100 g/L PVOH 2.30
Looking at Table 1-4, several observations can be made. First, significant values
of weight gains indicate that adsorption indeed proceeds all the way through the material.
We estimated the average thickness of adsorbed PVOH on e-PTFE surface. For this
purpose, the e-PTFE material was approximated by a cylindrical fiber with an average
diameter extracted from the SEM image in Figure 1-21 (-0.25 ^m), uniform adsorption of
PVOH was assumed, and the difference in density between PTFE (2.2 g/cm^) and PVOH
(1.3g/cmO was taken into account. The estimated thickness of adsorbed PVOH was on
the order of tens of angstroms, which is what we observe on siUcon wafers. A partially
hydrolyzed PVOH sample leads to lower mass gain than the fully hydrolyzed grade,
which is opposite to what was observed on fluoroalkyl silicon wafers. Here again, our
adopted two-stage mechanism of film formation explains this difference. Being a more
hydrophobic polymer, the 88% hydrolyzed PVOH will certainly adsorb better on
hydrophobic surfaces. Its greater "hydrophobicity" also introduced vinyl acetate units
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on an
that disrupt film crystallinity. We have shown that when a polymer adsorbs
atomically smooth silicon wafer, it forms pinhole-free, smooth coatings, so its contact
with the substrate and the hydrophobic "interactions" holding them together are
maximized. On the contrary, when a polymer adsorbs on a highly porous, tortuous
surface like e-PTFE, defects of the formed layers are by far more probable, and in order
to prevent such films from dissolving during our rigorous rinsing procedure, they have to
be stabilized with hydrogen-bonded crystalline domains. As we shall see in the following
section, our DSC measurements could not detect melting transition in the coatings
formed by the 88%-hydrolyzed PVOH, but could in the case of99%+ hydrolyzed grade.
Thus, we can conclude that the polymer with a greater degree of crystallinity has greater
physical cross-linking and is retained by the porous surface of e-PTFE to a greater extent
than the partially hydrolyzed sample, despite poorer adsorption. This further validates
our two-stage model for PVOH adsorption.
1.5.9. Study of crystallinity of adsorbed PVOH bv ATR-IR
As mentioned above, our proposed model of PVOH adsorption on hydrophobic
surfaces includes polymer crystallization immediately following adsorption (Figure 1-22),
which makes this process irreversible and results in conformal, pinhole-free coatings.
We have studied IR spectra of adsorbed and dried PVOH in order to elucidate the role of
polymer crystallinity in adsorption.
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Figure 1-22. Schematic explanation of the irreversible character of PVOH adsorpti
a hydrophobic surface
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Careful subtraction of the background spectrum of polystyrene (PS) on
germanium allowed us to observe IR spectra of ultra-thin PVOH coatings that were very
similar to those of thick PVOH film. Since the adsorbed film was so thin, no ATR
correction was necessary. Figure 1-23 demonstrates a typical spectrum of PVOH
adsorbed on PS. The important thing noticeable from this spectrum is that the region of
skeletal stretch v(S) of PVOH crystals is clearly resolved, and its symmetric (s) and
asymmetric (a) components can be easily distinguished.
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Figure 1-23. FT-IR spectra of PVOH (fully hydrolyzed, molecular weight 89,000
98,000) adsorbed on a polystyrene-coated germanium crystal from 1 g/L solution.
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The band at 1 140-1 145 cm ' (Vs(S) in Figure 1-23) is so-called "crystalline-
sensitive", i.e. comes from those C-0 bonds that are engaged in the symmetrical
arrangement of two hydrogen bonds found in crystalline domains.'' On the other hand,
the neighboring band at 1092-1098 cm ' is called "amorphous-sensitive". The regions of
interest of a series of IR spectra for three PVOH concentrations are presented in Figure I-
24. One qualitative conclusion is immediately obvious from these spectra: the
crystalline-sensitive band is present in the adsorbed PVOH. It is also apparent that the
coatings prepared using dilute solutions are more crystalline than those adsorbed from
concentrated solutions. We have already addressed this trend, discussing significantly
lower contact angles of PVOH coatings adsorbed from concentrated solutions, and
explained it by the greater ease with which PVOH chains can pack in dilute regime.
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Figure 1-24. A series of typical infrared spectra of PVOH (fully hydrolyzed, molecular
weight 89,000-98,000) adsorbed on polystyrene from 1 g/L (green), 10 g/L (red) and
100 g/L (purple) solutions.
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We also studied IR spectra of PVOH adsorbed on polystyrene sequentially, i.e. by
repetitive adsorption/drying process. Figure 1-25 shows two spectra of PVOH after
adsorption of first and third layers on PS from 100 g/L solution. Obviously, film
crystallinity increases upon building up layers. This was an anticipated result, and we
can offer several reasons for it. Since the degree of crystallinity is determined by the
quality of chain packing, the pre-adsorbed layer of PVOH may direct and facilitate better
arrangement of the next polymer layer. Also, when the adsorbed layer is removed from
solution, dried, and then re-submerged in water again, the non-crystalline chain fragments
will have the possibility to rearrange and crystallize (similar to annealing).
.032-
.03-
.028-
C
.026-
u
o
.024-
.022-
.02-
.018-
1500 1200 1100 1000
\Yavenumber (cm-1)
Figure 1-25. Two infrared spectra of the same ATR crystal after 1st (red) and 3rd (blue)
cycles of multi-step adsorption of PVOH (fully hydrolyzed, molecular weight 89,000-
98,000) from 100 g/L solution.
Quantitative information about the degree of crystallinity of PVOH samples can
also be extracted from these absorption bands. Usually, a geometric construction
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(pictured in Figure 1-26) is used for this purpose.^^'^^ First, the absorbance spectrum is
converted to a transmittance plot. Then a tangent to the left shoulder of the 1096 peak is
drawn, as well as a straight vertical line through the peak at 1 142 cm '. The distance
between the intersection of these two lines and the peak at 1 142 cm ' is measured and
denoted A. A can be normalized with respect to either the v(CH2) peak at 1425 cm"' (B
in Figure 1-26) or to the OH stretch peak in the 3400 cm"' range.^^ The ratio V is
directly proportional to the degree of crystallinity of PVOH X% (Equation 7).
X% = yY^ + Z (Equation?)
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Figure 1-26. Measuring peak intensities in an IR spectrum of PVOH in order to extract
information about crystallinity of the sample.
By comparing the values for several conditions of adsorption, we can
estimate the trends discussed above more quantitatively. Figure 1-27 demonstrates
relative characteristics of crystallinity extracted from IR spectra of adsorbed PVOH. As
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we hypothesized earlier, PVOH adsorption from dilute solutions results in more
crystalline layers than when performed from concentrated solutions. Also, concentrated
salt adversely affects crystallinity, which we also predicted in earlier sections.
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Figure 1-27. A/B ratio of IR absorption bands 1 141 and 1425 cm"' for PVOH adsorbed
on PS from 1 g/L (), 10 g/L (), 100 g/L (a) solutions, and from Ig/L in the presence
of 2M NaCl ().
In Equation 7, coefficients y and z must be found from an independent calibration,
usually by density measurements or X-ray diffraction. Unfortunately, neither of these
methods is applicable to our ultra-thin films. Although we have performed an
independent calibration of ratio to sample crystallinity using bulk (solution-cast)
PVOH films (density measurements by flotation in benzene/CCU), it would not be
appropriate to use it for direct correlation with ultra-thin films. From this calibration, we
could only roughly estimate that the crystallinity of films adsorbed from 1 g/L solution is
30-40%, and that of the films adsorbed from 100 g/L is ~ 10-15%,
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1.5.10. Study of crystallinitY of adsorbed PVQH hv c.nrM^ct ^np lp
We have shown above that the advancing water contact angle on adsorbed PVOH
depends strongly on the conditions of adsorption, and hypothesized that it may be
sensitive to the crystallinity of the film. Indeed, we demonstrated that adsorption from
more dilute solutions results in films with a higher degree of crystallinity, which was also
accompanied by higher water contact angles. Since water contact angle is perhaps the
simplest characterization technique available to us, we performed further analysis on how
the contact angle depends on film crystallinity.
We studied how contact angle on adsorbed PVOH changes after annealing.
Annealing is a general procedure of heating polymer samples above their glass transition
temperature (Tg) so that macromolecules can rearrange and adopt a more energetically
favorable conformation; this often leads to increased crystallinity in the sample. The T^,
of unplastized PVOH is around 85 °C. By heating PVOH samples above this
temperature for short periods of fime (10-30 min), its crystallinity was significantly
increased.^"* The crystal structure of PVOH implies binding of hydroxyl groups inside the
crystalline domains, which makes them less available for chemical modification and
should also affect the contact angle. First we studied how annealing affects the contact
angle of a bulk PVOH sample (solution-cast film).
Figure 1-28 demonstrates that advancing water contact angles increase
significantly with the temperature of heat treatment of bulk PVOH. Of course, factors
other than crystallinity may have an effect on these contact angle values. Heat treatment
also dries PVOH film, and at high temperature may also cause its chemical
decomposition. We measured the crystallinity of these PVOH films using IR and density
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calibration.
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Figure 1-28. Advancing () and receding (•) water contact angles measured on heat-
treated solution-cast PVOH films.
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Figure 1-29. Crystallinity of heat-treated solution-cast PVOH film assessed by ATR-IR.
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It can be seen from Figure 1-29 that the measured degree of crystallinity first
increases with heat treatment, and starts decreasing at -170 "C, which may be ascribed to
slow decomposition of the surface of the film (ATR is assessing the upper 1 of it).
Combining Figure 1-28 and Figure 1-29 and omitting the range of high temperature, we
relate contact angle to film crystallinity (Figure 1-30).
Degree of crystallinity (%)
Figure 1-30. Relationship between water contact angle and the degree of crystallinity for
a heat-treated bulk PVOH sample.
Higher crystallinity results in a higher contact angle. We note, however, that
contact angles even for the highest degree of crystallinity are still lower than those
observed for adsorbed PVOH films. We emphasize again that directly comparing the
results for bulk films and adsorbed coatings is questionable. Nevertheless, despite
numerical differences, the tendency observed for bulk films can be used to estimate the
behavior of adsorbed coatings. We performed annealing of adsorbed PVOH films at
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different temperatures (60, 80, 100, 120, and 150 °C). Advancing water contact angles of
these samples are shown in Figure 1-3 1
. The contact angles clearly increase with the
temperature of annealing, which corresponds to our data obtained on bulk films. Due to
the relatively low of PS, we could not perform annealing ofPVOH adsorbed on PS-
coated ATR crystals and obtain an independent IR estimate of the crystallinity of
annealed coatings. The data presented in Figure 1-3 1 indicates that post-treatment of
adsorbed PVOH may increase its crystallinity, which will be useful in improving its
stability and resistance to hot water.
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Figure 1-3 1 . Heat-treatment (annealing) of PVOH (molecular weight 89,000-98,000,
concentration 1 g/L) ultra-thin film adsorbed on fluoroalkyl monolayer.
1.5.1 1. Study of crvstallinitv of adsorbed PVOH bv DSC
Thus far only our studies of crystallinity of adsorbed PVOH by indirect methods
such as IR and contact angle have been presented. On the other hand, differential
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scanning calorimetry (DSC) can be regarded as a direct method for determination of
crystallinity since the presence of a melting endotherm of PVOH will unequivocally
prove that there are crystals within the adsorbed film. As discussed in section I.5.8.,
PVOH could be successfully adsorbed on highly porous extended PTFE sheets, and the
mass of the adsorbed polymer in the resulting material was about 2% of the samples.
This allowed us to perform calorimetric studies of this material. Figure 1-32 shows a
heating DSC curve of PVOH adsorbed on e-PTFE from 10 g/L solution. The
temperature of the endotherm at 228 «C precisely corresponds to the melting point of the
bulk PVOH sample used to prepare the adsorption solution. This can be considered key
evidence of the crystallinity of adsorbed PVOH coatings.
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Figure 1-32. Typical DSC heating curve of PVOH adsorbed onto expanded PTFE. The
melting endotherm of PVOH at 228C can be clearly seen.
We have performed DSC studies of all samples of PVOH adsorbed on e-PTFE
(prepared in section 1.5. 8.); their endotherms are shown in Figure 1-33. It is seen that it
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did not matter whether we used iPA or DMSO to pre-wet e-PTFE, or performed the
adsorption from solutions containing IM NaCl: all cndothcrms appear strikingly similar,
with the melting peak very close to 228 °C.
007
B
^ 001
o
tC 009
010
^^-v 1.512 J/|
228.81 "C
Olio
01 JO
0111
190
219 59 "C
3)1 J/|
217.72 "C
aoo
ItfO 180 200 220 240 260 280 30C
Tomporaturo
220
Tomporaturo (*C)
240 260
Olio
III
190 200
212.96 »C
1.473 J/|
227.74 "C
210 220 230 240
Temperature ("C)
290 260
Figure 1-33. Melting endotherms of PVOH (fully hydrolyzed) adsorbed on e-PTFE from
10 g/L solution using DMSO (A and B) and iPA (C) to pre-wet c-PTFE. Samples (B)
and (C) were adsorbed from solutions containing IM NaCl.
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On the other hand, a DSC study of partially hydrolyzed PVOH (88%) showed
crystalline peak in the vicinity of the melting endotherm (Figure 1-34) of PVOH.
no
009A
190 200 210 220
Temperature (''C)
230 240
Figure 1-34. No melting endotherm for PVOH (88% hydrolyzed) adsorbed on e-PTFE
from 10 g/L solution using DMSO to pre-wet e-PTFE.
Integrating the endotherms in Figure 1-33, taking into account the mass
percentage of PVOH in the whole material (Table 1-4), and using the reported value of
the PVOH heat of fiision, we were able to calculate degrees of crystallinity ranging from
36 to 48%. Unfortunately, the error in the integration of DSC peaks is too large for us to
compare the degrees of crystallinity within this range. It is noteworthy that these values
depended much less on adsorption conditions than did those obtained from IR
measurements. Nevertheless, the ballpark of these numbers is extremely close to typical
values ofPVOH crystallinity observed in solution-cast films, which is more evidence of
the similarity between drying-crystallization and adsorption-crystallization processes.
1.5.12. Discussion ofPVOH crystallinity
Our thickness and contact angle studies pointed us to the possibility ofPVOH
crystallization upon adsorption. The irreversible character of this adsorption, i.e. the
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that the adsorbed polymer is no longer soluble in any amount of water at the temperature
of adsorption, hinted to some drastic changes that happened to the polymer chains upon
adsorption. The behavior of bulk PVOH, which upon drying cannot be redissolved in
room temperature water, and that it is always semicrystalline regardless of the regime of
drying, suggests the same mechanism for adsorbed polymer. In fact, the adsorption is in
fact "drying" (removing excess of water around polymer chains). This allows PVOH to
crystallize. Of course, an argument can be made that it is just "strong" hydrogen bonding
that holds PVOH together on the surface, and that these films are too thin to
accommodate crystallites of conventional sizes. This is why we performed targeted
studies of PVOH crystallinity in the adsorbed and dried state, and we have completely
disproved this argument. First, we have shown that the hydrogen bonds are not just
"strong", they are arranged symmetrically, precisely the way they are in the crystalline
phase. Our IR correlation with polymer concentration is completely consistent with our
earlier discussions about contact angle behavior. Second, our annealing studies
demonstrate the same trends for adsorbed coatings and solution-cast films, i.e. increase of
contact angles upon increase in crystallinity. Third, we have shown that adsorption of
PVOH on a large surface area material allows observation of the melting endotherm of
PVOH crystals. We refrain from speculating on how the chains are packed or what is the
size of crystallites. However, we point out that the minimum thickness of smooth films
of adsorbed PVOH is about 20A, which makes it possible for the chains to align in the
crystalline phase along the surface, rather than in lamellae normal to the surface (the
picture usually envisioned by traditional polymer physics). We were not fortunate to
obtain unambiguous diffraction data (electron or X-ray) of adsorbed PVOH despite
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multiple attempts and various experimental designs, primarily due to our inability to
distinguish between PVOH and background scattering. However, we have been able
piece together other evidence, which convincingly demonstrated that PVOH adsorpti^
is, in terms of phase transition, indeed very similar to film casting from solution or
freezing-induced gelation, and results in polymer crystallization.
L6. Conclusions
We have studied adsorption of PVOH on hydrophobic surfaces in great detail.
PVOH preferentially adsorbs on hydrophobic surfaces, producing continuous, pinhole-
free, hydrophilic coatings with thickness in the tens-of-angstroms range. This process is
fast and highly reproducible. The adsorption is irreversible in a sense that the film cannot
be rinsed from the surface with water at the temperature of adsorption. The study of five
factors (molecular weight, concentration, degree of hydrolysis, salt, temperature)
affecting the adsorption of PVOH onto a hydrophobic monolayer have further elucidated
the mechanism of film formation. Higher concentrations result in thicker, less crystalline
films. PVOH samples with lower molecular weight or a higher percentage of
unhydrolyzed acetate groups adsorb better, especially from dilute solutions. Residual
acetate groups partition to the outermost surface of the film and determine its wettability.
The formation of stable coatings is driven by two major forces: polymer adsorption on
the hydrophobic surface and crystallization within the adsorbed layer. Evidently, salts
with pronounced "salting out" power (sodium sulfate and sodium chloride), as well as
temperature, modulate these forces in opposite directions, which leads, for example, to
formation of smooth coatings only under certain conditions. The possibility of sequential
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PVOH adsorption was demonstrated. Adsorption onto a highly porous hydrophobic
material was performed. The presence of a crystalline phase within the film was
confirmed by IR and DSC, and the estimated degree of crystallinity was close to the
value usually obtained for a solution-cast film.
Overall, PVOH adsorption is a versatile process for surface modification of
hydrophobic materials. Our research has allowed us to understand its mechanism and
several methods to control the properties of adsorbed coatings.
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CHAPTER 11
CHEMISTRY OF ADSORBED ULTRA-THIN FILMS OF POLYVINYL
ALCOHOL
ILL Introduction
In the previous Chapter, we demonstrated that PVOH irreversibly adsorbs on
hydrophobic surfaces, producing ultra-thin continuous films. The properties of such
coatings (thickness, contact angle, crystallinity) could be manipulated by changing
adsorption conditions or using heat post-treatment, i.e. by physical means. These
methods, of course, did not change the nature of the polymer, leaving it hydrophilic,
hygroscopic, and physically cross-linked. Even though such films are akeady suitable
for a number of applications (see next Chapter), the range of their possible uses can be
tremendously extended if we learn how to purposefully alter their chemistry. Some of
the advantages of chemical modification of adsorbed PVOH include increasing the
stability of the coatings, improving their general biocompatibility, and adding affinity to
particular substances.
Adsorbed PVOH films represent perfect substrates for further modification. First
of all, since the film is extremely thin, its modificafion will likely proceed all the way
through, thus modifying the "bulk" of it. Nevertheless, because the film is always
supported on a neutral substrate, such modification of the top 20-30 A will only change
the surface of the substrate, leaving its useful mechanical properties intact.
Before we discuss previous research done on PVOH chemistry, it is important to
mention that due to the nature of our system, all reactions modifying adsorbed PVOH
films will be heterogeneous, which means that at no point in time during the reaction will
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the polymer be completely dissolved in the reaction media. The reactivity of hydroxyl
groups will likely depend on their position in the film (closer to the surface or to the
substrate) and their location with respect to crystalline domains. Since water is known to
readily penetrate the amorphous region of PVOH, the reactions involving aqueous
solutions are likely to modify primarily those hydroxyl groups that are in the amorphous
domains. Another important complication of the chemistry of adsorbed films is that the
substrate must not be affected by reaction conditions. For example, in the case of silicon
wafers this rules out the use of strong basic aqueous media and in case of a fluorinated
support (be it a fluorinated monolayer or PTFE) one cannot use alkaline metals, etc.
In this Chapter, we develop approaches to perform reactions leading to formation
of ester, ether, urethane, and acetal linkages on the surface of PVOH.
IL2. Background
II.2.1. General
PVOH owes its good reactivity to secondary alcohol groups attached to every
other carbon on the polymer chain. Alcohol groups are good nucleophiles, readily
reacting with electron-deficient centers. Formation of organic ethers, esters, urethanes,
acetals, various sulfur compounds, inorganic esters and chelates has been reported in a
massive number of publications. Due to the variety of reagents that have been explored
for modification ofPVOH, and the fact that PVOH chemistry dates back to the 1930s, we
refer the interested reader to concise reviews of the field ' rather than try to replicate
them here. This tells us that PVOH chemistry is in fact very well developed, which gives
us a solid background and readily available procedures and reagents. We will first
62
discuss available methods to cross-link PVOH due their importance in the stabilization of
our adsorbed films. Upon looking in the literature, we found surprisingly few reports on
the surface modification of PVOH, perhaps due to the ease with which it can be dissolved
and processed in the bulk state. As it tums out, however, most methods available for
bulk (solution) PVOH modification can be adapted to surface modification. Available
literature reports on this field will be the subject of our review.
11.2.2. Cross-linkintz of PVOH
Cross-linking of PVOH can be performed either by using radiation (y-rays or
neutrons) or chemical cross-linking agents. PVOH can be cross-linked by any
bifunctional reagent that condenses with organic hydroxyl groups.^^ Mostly often
dialdehydes, such as glutaraldehyde and terephtalaldehyde, epichlorohydrin," and alkyl
derivatives of melamine^** are used for cross-linking. Reaction of PVOH with aldehydes
proceeds in aqueous solution under mild conditions, in the presence of acid catalyst, to
produce acetals^^ (Figure II- 1).
R
R^
1
OH OH C=0, if 0^0
H
-H2O
Figure II- 1. General reaction ofPVOH with an aldehyde.
Formation of a 6-membered ring facilitates this reaction. When a bifunctional
aldehyde is used, e.g. glutaraldehyde (OHC-(CH2)3-CHO), cross-linking of polymer
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molecules occurs. In a report studying the cross-linking of PVOH membranes, it
shown that the degree of cross-linking could be easily controlled by varying the reaction
time.^^ Glutaraldehyde was used to prepare a cross-linked hydrophilic PVOH coating for
capillary electrophoresis columns.*^'
A series of inorganic reagents can also be used. Borate has been used to cross-
link PVOH for a long time.^^ Due to the presence of sodium borate in Pyrex glass, one
has to be careful storing PVOH solutions in it." Titanium salts^"* gel PVOH solutions by
formation of inorganic esters, and copper," silver,^^ and aluminum^^ salts form chelates
that also cause cross-linking. These reactions can be used to introduce metals into PVOH
hydrogels.
II. 2. 3. Cross-linking of adsorbed PVOH by incorporation of an inherent cross-linker
There is a way to obtain a cross-linked PVOH coating by starting with a
copolymer of vinyl acetate and a vinylalkoxysilane. This patented copolymer can be
hydrolyzed with aqueous base to produce a copolymer (termed "R-polymer") of vinyl
alcohol and a sodium salt of vinylhydroxysilane (Figure II-2).
NaOH (aq.) ^„ ^
.(CH2-(^H-),-(CH2-p)y- -(CH2-(f:H-),-(CH2-p)y-
OAc Si(0Alk)3 OH Si(0Na)3
Figure II-2. Synthesis of an R-polymer.
When acid is added to solution of an R-polymer, the sodium salt is converted into
free silanols. When a film is cast from this solution, these groups cross-link and make the
coating insoluble in water. The resistance of the film to solubility increases as the pH of
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the cast solution decreases. However, the acidic form of the polymer does not
spontaneously cross-link in solution provided its concentration is low enough (Figure II-
3).
(ch2-(;:h-),-(ch2-chv
,
OH
-Si- -
NaOH(aqO
(CH2-9H-),-(CH2-p)y
(j) HfS04 OH Si(0Na)3
-Si-
-(CH2-CH-),-(CH2-CH)y-
OH
Figure II-3. Dissolution of cross-linked films of R-polymers in aqueous base is
irreversible unless the film is dried.
Thus, by performing adsorption of an R-polymer in the manner used for homo-PVOH, it
can be expected that coatings will possess greater resistance to hot water due to the
formation of Si-O-Si bonds.
II.2.4. Surface modification with acyl chlorides
Reaction ofPVOH with acyl chlorides is perhaps the most versatile way to
modify this polymer. First of all, this reaction proceeds rapidly and does not require a
catalyst (Figure II-4).
Figure II-4. Reaction of PVOH with an acyl chloride.
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A great variety of acyl chlorides can be purchased from commercial vendors, at a
relatively low price. Though known lachrymators, most acyl chlorides are generally safe
to handle with reasonable precautions. It was shown that surface-selective modification
of solid PVOH with an azobenzene acid chloride could be performed using heptane or
benzene as a solvent and pyridine as a catalyst.'^'^^ Surface modification ofPVOH with
adipoyl chloride was performed in toluene without a catalyst." PVOH neither dissolves
nor swells in non-polar solvents like benzene and toluene, and submerging PVOH film
into one of these solvents further dries it and raises its Tg above room temperature (water
is a known plasticizer of PVOH). Thus, it is usually expected that only the uppermost
surface of the films is modified in non-polar solvents. Indeed, ATR-IR data showed no
difference between non-modified PVOH and PVOH reacted in toluene, which proves
surface selectivity. PVOH film was hydrophobized on the surface with a series of
aliphatic acyl chlorides (CnHzn+iCOCl, «=2, 4, 6, 8, and 10) in the vapor phase.''^
Hydrophobicity increased with increasing alkyl length in the saturated alkyl chloride.
The authors did not study the depth of penetration of this reaction; however they provide
a model that hints at somewhat deeper than just the "monolayer" surface modification.
II.2.5. Surface modification with isocvanates
PVOH was surface-modified with mono- and diisocyanates using solution
reactions. The reaction of isocyanates with secondary alcohols (Figure II-5) is usually
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performed in the presence of either a nucleophihc or electrophihc catalyst, however
often times it is successful without using a catalyst.
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Figure II-5. Reaction ofPVOH with an isocyanate.
Polyvinyl alcohol has been modified with «-butyl-, phenyl-, and a-
naphtylisocyanate in toluene at 45T either in the presence of tin octanoate or without a
catalyst.^' Successful hydrophobization was achieved with all reagents, and mostly
surface modification was observed. In this work, an attempt was made to asses the
concentration of alcohol groups on PVOH surface available for the reaction. From
simple density considerations, there should be about 15 per OH group. The effective
surface area per OH groups turned out to be 19 in case of «-butylisocyanate, 37 A^ for
phenylisocyanate, and 129 A^ for a-naphtylisocyanate. This tendency is consistent with
the bulkiness of these reagents, and gives further proof of reaction confinement to the
surface of the film. Several research groups have studied PVOH modification with
difunctional isocyanates for cross-linking,^'* coupling with proteins,^^ and further
hydrolysis to introduce amine groups to the surface.^^ The latter work reports a room
temperature surface reaction of PVOH film with hexamethylene diisocyanate (MDI)
dissolved in dry benzene, without using a catalyst. This reaction produced relatively high
yields, and the effective surface area per OH group was estimated at 46-138 A^. Even
though this number is higher than in the previously discussed publication, it should be
noted that it was determined by measuring the concentration of NH2 groups formed on
the surface after hydrolysis of the second functionality of the MDI, and the possibility of
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both isocyanate groups reacting with PVOH was not taken into account,
II.2.6. Grafting reactions
Attachment of other polymers to the PVOH surface was achieved by either
grafting "to" or grafting "from" approaches. Ethyl-a-cyanoacrylate was grafted on
PVOH surface using UV irradiation and a photoinitiator/' The hydrophobic monomer,
2,2,3,3,3-pentafluoropropyl methacrylate, was polymerized on the surface ofPVOH by
corona initiation, and a water contact angle of 100'' was obtained for the modified
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surface. A poly(organophosphazene) was attached to the PVOH surface simply by
incubating two polymers with benzoyl peroxide.^^ The final surface was considerably
more hydrophobic, which should improve its oxygen barrier properties in high humidity,
A very promising grafting of acrylic monomers on PVOH using Ce"*^ ion as an
, . 80 81
initiator ' was studied only in solution.
II.2.7. Biocompatibilitv and PEG grafting
One of the major goals of surface modification of hydrophobic materials is
improving their biocompatibility. Biocompatibility of a material, i.e. its suitability for in
vivo use, as well as its resistance to biofouling, is largely determined by its ability to repel
proteins. Hydrophobic surfaces are generally more prone to protein adsorption due to the
same reasons responsible for PVOH adsorption, i.e. favorable hydrophobic interactions in
water. PVOH has been studied as a potential hydrophilic coating of hydrophobic
materials to reduce non-specific protein adsorption. It has been reported that coating
hydrophobic polystyrene with PVOH improves protein repellency.'^ PVOH hydrogels
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have been extensively researched for use as an implant material."^ However, despite its
generally hydrophilic nature, PVOH has shown poor biocompatibility in serum-material
interaction experiments^^ and in long-term in vivo implantation.^" Approaches for
improving PVOH biocompatibility include its chemical modification with poly(ethylene
glycol),"^ alkylation with various alkyl halides,'*'' etc. The biocompatibility of the PVOH
surface was also increased by the introduction of carboxylic acid groups achieved by
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ozone treatment, which improved the adhesion of collagen. In general, grafting PEG to
surfaces has been one of the most successful approaches to reduce protein adsorption and
cell adhesion, i.e. to improve biocompatibility.****
Grafting PEG to the surface of adsorbed PVOH can be accomplished using either
grafting "to" or grafting "from" approach (Figure II-6).
H (OCH2CH2)yOR oX(OCH2CH2)yOR jf ^ ^
M
Grafting to
pvoH-i^-PEG drafting from
Figure II-6. Two approaches for grafting PEG onto the PVOH surface.
The grafting "to'' approach involves using a telechehc PEG capable of reacting
with hydroxyl groups of PVOH. In the grafting "from" approach, ethylene oxide is
polymerized in situ and PVOH is employed as either a co-initiator or a chain-transfer
agent. The R end group of grafted PEG is usually a methyl in case of grafting "to" and
hydrogen in case of grafting "from" approaches. Also in the grafting "to" approach, there
may be a short spacer between the PVOH molecule and PEG, which is necessary for
coupling.
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A grafting "to" approach has been documented for PVOH hydrogels, when
aldehyde- or isocyanate-terminated PEG molecules were attached to PVOH for improved
biocompatibility."' It was shown that the yield of the reaction was limited by the degree
of mixing of PVOH and PEG and not by the reactivity of the end groups of PEG.
The major disadvantage of the grafting "from" approach is that the polymer
molecules with "sticky" ends have to compete with one another for reaction centers on
the surface, which limits the yield of the grafting reaction. Therefore, it is generally
expected that the grafting "from" approach produces denser grafted layers. This
approach involves polymerization of ethylene oxide.
PVOH can be reacted with ethylene oxide relatively easily, with or without a
catalyst.'^" This reaction usually requires elevated temperature and pressure. At the same
time, it is nonnally limited to just one ethylene glycol moiety attached to a PVOH
hydroxy 1 group. However, it was reported that polymerization of ethylene oxide can be
initiated directly on PVOH by first activating its hydroxyl group with some anionic
initiator, e.g. potassium /<?r/-butoxide'^' (Figure 11-7), using DMSO as a solvent.
e® ^ 0 ©
-y—wrw OK OCH2CH2OK
Figure II-7. Grafting PEG from adsorbed PVOH by anionic polymerization.
Another approach to grafting PEG "from" adsorbed secondary alcohols involves
cationic polymerization of ethylene oxide, proceeding via the activated monomer (AM)
mechanism'^^ (Figure II-8). The AM mechanism is favored when the concentration of
70
ethylene oxide is kept low compared to the alcohol concentration, which is the case in
close proximity of the surface.
O
o
II
OH
i \ OCH2CH2OH A
Figure II-8. Grafting PEG from adsorbed PVOH by cationic polymerization.
II.2.8. Dehydration of adsorbed PVOH
The reaction of water elimination from a PVOH molecule produces a polymer
with cumulative double bonds. In the ideal case, if all water is eliminated, the polymer
will have the structure of polyacetylene (PA) (Figure II-9). The ability to convert ultra-
thin PVOH to ultra-thin PA will bring us closer to creating materials for nanoelectronics.
OH
The simplest approach to PVOH dehydration is pyrolytic elimination. TGA of
PVOH was performed in the literature with the focus on water elimination and formation
of cumulative double bonds. It was found that the acid-hydrolyzed PVOH dehydrates
considerably easier than the alkali-hydrolyzed (the one we have been dealing with in the
1^' Chapter), likely due to the presence of adventitious double bonds formed during the
acid hydrolysis. This demonstrates the general rule for PVOH dehydration: the reaction
proceeds with self-acceleration, i.e. elimination of one water molecule facilitates leaving
Figure II-9. General scheme of PVOH dehydration.
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of a neighboring one since a conjugated system is produced.
PVOH fibers were converted to PA in the literature by refluxing the polymer with
calcium hydride in pyridine,^^ or by using potassium hydrogen sulfate and pyrolytic
elimination of water.'^ It was suggested that the dehydration proceeds through formation
of an unstable intermediate, the potassium salt ofPVOH sulfonic ester. The polymeric
product had conjugated double bonds, so a successful Diels-Alder reaction with
acrylonitrile was performed on it. This chemistry is shown in Figure 11-10.
OH
KHSO4 OSO2OK \A / \ CN10-%^ ^
Figure 11-10. Dehydration of PVOH by acid hydrolysis and subsequent Diels-Alder
reaction.
11.3. Experimental procedures for chemical modification of adsorbed PVOH
II.3.1. Cross-linking with glutaraldehvde
The conditions reported in the literature^^ were followed in our work. Substrates
with adsorbed PVOH (prepared with 1,10, and 100 g/L solutions of 89-98K, 99+%
hydrolyzed polymer) were submerged in a 0.075M aqueous solution of glutaraldehyde
containing 0.2M sulfuric acid at 40 °C for various amounts of time. The solution was
moderately stirred, hi order to prevent dissolution of PVOH, the original cross-linking
conditions also prescribed adding sodium sulfate to the reaction media to the final
concentration of IM. We have run this reaction with and without concentrated salt.
After cross-linking, samples were rinsed with copious amounts of water and dried under
reduced pressure.
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The stability of cross-linked PVOH coatings was tested by submerging them i
water at 80 °C for 30 min.
11.3.2. Adsorption of PVOH copolymer with an inherent cross-linker
Three R-polymers with silane group content from 0.1 to 0.5% were a gift from
Presstek Corp. Their adsorption on fluoroalkyl silicon wafers was performed from 1 g/L
solutions at pH 2, 6, and 12, in the manner described for homo-PVOH in Chapter 1 . The
pH was adjusted by adding dilute HCl or NaOH to polymer solutions and controlled by a
Fisher Sci. pH meter with glass electrode. The stability of adsorbed coatings was tested
by submerging them in water at 80 °C for 90 min.
11.3.3. Esterification of adsorbed PVOH with a series of acvl chlorides
All acyl chlorides were purchased from Aldrich and used as received. Table II-
1
lists the acyl chlorides used in our work, along with their structure and boiling points,
which will be usefiil in discussion of the yields of vapor phase reactions.
Table II- 1. Acyl chlorides used in the modification ofPVOH
Reagent Structure Boiling point, °C
Acetyl chloride 0 52
Propionyl chloride 0 78
Butyryl chloride 102
Valeryl chloride 126
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A ^ 1 111 * 1Acryloyl chlonde 0 72-76
Benzoyl chloride 198
Trichloroacetyl chloride 0
X
CbC^^CI
115
Heptailuorobutyryl chloride
'CFf CI
39
Pentafluorobenzoyl chloride F F
F F
158
For solution phase reactions, we used only two acyl chlorides, acetyl and
decanoyl chloride. Samples with adsorbed PVOH were placed in custom-designed
hollow slotted glass holders, which were put in Schlenk tubes (one holder per tube). The
tubes were closed and purged with dry nitrogen ovemight, and then a 0.25M solution of
an acyl chloride in dry toluene, containing 0.05M of pyridine as a catalyst, was
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cannulated inside. The reactions were allowed to proceed at room temperature for a
given period of time, after which the samples were rinsed with toluene and water and
dried under vacuum.
For vapor phase reactions, we have used all the acyl chlorides listed in Table 11- 1
.
As can be seen from the reaction equation (Figure II-4), hydrogen chloride is evolved
over the course of the reaction. Its removal from the reaction vessel may be desirable in
order to shift the equilibrium and prevent corrosion of the substrate. We have used dry
sodium carbonate to trap HCl vapor, and have also tried running the reactions without it.
Samples with adsorbed PVOH were placed in a holder in a Schlenk tube
containing a pan with sodium carbonate (Figure II- 11). The tubes were closed and
purged with dry nitrogen overnight. One mL of an acyl chloride was cannulated inside
the tube. The modification was allowed to proceed at room temperature for a given
amount of time, after which the tubes were opened, and the samples quickly rinsed with
an excess of water and dried under vacuum. For the synthesis of mixed surfaces, butyryl
chloride and heptafluorobutyryl chloride were mixed in the volume ratios 99:1, 90:10,
and 50:50, and reacted with adsorbed PVOH using the procedure just described. For
cross-linking of the polyvinyl acrylate surface, 1% solution of benzophenone in toluene
was spin-coated on PVOH reacted with aclyloyl chloride, after which the samples were
exposed to long-wave UV light for 15 min, rinsed with pure toluene and dried in vacuum,
II.3.4. Urethanation of adsorbed PVOH with a series of isocvanates
Several plain alkyl and functional isocyanates were purchased from Aldrich and
used for surface modification ofPVOH adsorbed on a hydrophobic substrate (Table 3).
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Solution phase reaction was performed in dry pyridine (freshly distilled from calcium
hydride) containing 2M of isocyanate. For vapor phase modification, the procedure and
setup used for acyl chlorides was employed.
Sample holder
Dish with dry sodium
carbonate
Reagent (acyl chloride,
isocyanate, etc.)
Figure II-l 1. Reaction vessel for vapor phase modification of adsorbed films.
Table II-2. Isocyanates used in the modification of adsorbed PVOH.
Reagent Structure bp (mp), °C
Butyl isocyanate 115
tert-Buty\ isocyanate ^N=C=0 85
Phenyl isocyanate <Qkn=c=o 162
3-Cyanophenyl isocyanate NSC (51-54)
3,5-Bis(Trifluoromethyl)phenyl
isocyanate
N/A
Samples of adsorbed PVOH were placed in a Schlenk tube containing 1 mL of
isocyanate, capped and held for a given amount of time. Since the reactivity of
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isocyanates towards secondary alcohols is lower than that of acyl chlorides, the reaction
was also performed at an elevated temperature by placing the Schlenk tube into an oil
bath at 70 T. Samples were subsequently rinsed with copious amounts of water and
dried under vacuum, which should ensure complete removal of non-polymeric products.
II.3.5. Grafting PEG on adsorbed PVOH
We have performed grafting PEG "to" and "from" adsorbed PVOH.
Grafting "from". Ethylene oxide (bp 10.7 °C) was obtained from Aldrich and
dried by distilling it at room temperature from the lecture bottle into a Schlenk tube
containing calcium hydride. CAUTION: Ethylene oxide is a very toxic gas under
ambient conditions and should be handled only under a fume hood with great care.
Methylene chloride was purchased from Fisher and purified by washing with sulfuric
acid and aqueous sodium bicarbonate followed by distillation from phosphorus
pentoxide. Trifluoromethanesulfonic (triflic) acid was purchased from Aldrich and used
as received. CAUTION: Triflic acid is one of the strongest acids (pKa -12); its liquid
and vapor are toxic and very corrosive. The samples of adsorbed PVOH were placed
in a Schlenk tube and purged with dry nitrogen for 1 day. 40 mL methylene chloride was
cannulated inside the tube followed by 0.3 mL triflic acid (final concentration 0.08M)
and 0.5 mL freshly distilled ethylene oxide. The reaction was allowed to proceed at room
temperature for time periods from ranging from 2 to 24 hours, and then terminated by
adding a dilute solution of HCl in methanol. Samples were carefully rinsed with
methylene chloride and water and dried under vacuum.
Grafting "to". Two activated PEGs were purchased from Shearwater Co.:
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CH30-(CH2CH20)„-CH2CH2CH2CHO (mPEG-Ald), MW 5,000; and OHC-CH2CH2CH2-
(CH2CH20)n-CH2CH2CH2-CHO (Ald-PEG-Ald), MW 3,400. They have a
butyraldehyde end group that helps prevent cross-reaction (condensation) of these
molecules in solution. Samples of adsorbed PVOH were submerged into 10% aqueous
solutions (with and without 0.5M sodium sulfate) of Shearwater PEG polymers
containing 0.2M sulfuric acid as a catalyst at 50°C for 12 hours. The samples were
subsequently rinsed with copious amount of water and dried under vacuum.
II.3.6. Dehydration of adsorbed PVOH
A supersaturated solution of potassium hydrogen sulfate (-30%) was prepared by
dissolving the dry salt in hot water and cooling it down to room temperature. Samples of
PVOH adsorbed on Teflon film were placed in this solution, and the liquid was dried
under a slow flow of nitrogen to leave a crust of salt on the polymer surface. The
samples were heated in vacuum at 200 °C for one hour, cooled down, opened to air, and
rinsed with copious water to remove the remaining salt.
II.3.7. Calculation of reaction yield
EUipsometric measurements discussed in section 1.4.2. were employed for
estimating the extent of chemical modification of adsorbed PVOH. Since the thickness
of the parent PVOH film is on the order ofjust 27 A and can be obtained very
reproducibly, even small additions to thickness contain information about the extent of
the reaction. For example, upon reaction of a PVOH monomer unit with acetyl chloride
(the smallest reagent used), its molecular weight almost doubles, from 44 to 86. The
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newly formed polyvinyl acetate unit will likely have the density very close to the one of
PVAc, approx. 1.2 g/cm\ so it will take up almost twice the volume of the PVOH
monomer unit, i.e. the adsorbed film will swell upon esterification. Assuming that the
lateral dimensions of the film remain constant, this change of volume will be directly
reflected by the ellipsometric thickness. Taking into account these changes in molecular
weight and density upon chemical modification, and disregarding possible changes in the
refractive index, we could quantitatively relate the ellipsometric thickness to the
percentage of alcohol groups of PVOH modified in the esterification (or urethanation)
reaction (Equation 8):
Y% = ^^"^OH -Ppvox (drvo. - d,yoH )
^qq^^ (Equation 8)
^PVOH \PPVOH ' "^^PVOX PpvOX ' PVOH^
where Y% is the yield of the reaction (percentage of converted OH groups);
MWpyoH is the formula weight of PVOH monomer unit, vinyl alcohol (44);
MVVpi/oxis the formula weight of a PVOH derivative (e.g., 86 for PVAc);
Ppvoh '^s PVOH density, 1.3 g/cm^
A'voxis the density of the corresponding PVOH derivative PVOX;
dpvoH is the ellipsometric thickness of parent PVOH film (25-28A);
dpvox is the ellipsometric thickness of the film after modification.
For those derivatives of PVOH whose densities are not available in the literature, we used
the density of the most similar compound available, so the error introduced by this
approximation should not exceed several percent.
The reaction extent of PEG grafting on the PVOH surface was also quantified
using ellipsometry. As far as the grafting "to" reaction is concerned, the procedure just
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described for acyl chlorides was used. It was assumed that both ends of the difunctional
PEG reacted with the surface. Unfortunately, this simple procedure could not be used in
the case of the grafting "from" reaction since the formula weight of PVOX is unknown.
Simply put, the same increase in thickness could be the result of either large PEG chains
grown off a small number of alcohol groups, or short PEGs grafted on a large number of
alcohols. In order to assess the degree of polymerization of grafted PEG m and the
percentage of reacted OH groups on the parent PVOH film, we used a combination of
ellipsometry thickness measurements and labeling of hydroxyl groups with
heptafluorobutyryl chloride (HFBC) (Figure 11-12).
I V ^.|/ y- -J rn
'
Figure 11-12. Labeling terminal hydroxyl groups on PEG-g-PVOH.
We assumed that unreacted hydroxyl groups on the parent PVOH would not be
labeled with HFBC in this procedure. This assumption is reasonable since those are the
groups that due to steric, spatial or phase constraints had not participated in the grafting
reaction and would now be covered with grafted polymer layer. Then, by comparing the
thickness of starting PVOH film, PEG-^j-PVOH layer and HFBC-labeled PEG-g-PVOH,
we were able to deduce the average degree of polymerization of grafted PEG m using the
following equation 9:
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^_ ^PEG^PEG^CF.CO
where A is film thickness difference for either grafting or labeHng steps, d -
density, and M molecular weight of heptafluorobutyryl group or PEG monomer unit.
As a way to test the feasibility of this calculation, we compared the results for two
kinds of parent PVOH film: one was as-adsorbed, and the other one had been annealed at
100°C to increase crystallinity. The more crystalline film of PVOH should have had
fewer hydroxyl groups available for grafting, but that should not have affected the
average degree of polymerization of PEG.
1L4. Results and Discussion
II.4. 1 PVOH cross-linking with glutaraldehvde
As shown in Chapter 1 , adsorbed PVOH coatings become unstable in water
solutions as the temperature reaches 80 °C, which is similar to bulk PVOH behavior. In
an attempt to improve the solution stability of adsorbed PVOH, we have cross-linked it
with glutaraldehyde. This reaction (Figure 11-13) is catalyzed by acid and proceeds faster
at a slightly elevated temperature (40 °C).^^ Original conditions of this cross-linking
procedure prescribed using concentrated (IM) sodium sulfate as the reaction media in
order to avoid dissolution ofPVOH. We have tried this reaction with and without salt
and have noticed no difference, so unless specifically mentioned, all results below are
obtained without using sodium sulfate.
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Figure U-13. Cross-linking of PVOH with glutaraldehyde in acidic media
The study of the kinetics of cross-Hnking revealed that this reaction is indeed
quite fast (Figure n-14). Ellipsometric thickness increases significantly within the first
few minutes and then levels out at about 33 A after several hours. Interestingly, both
advancing and receding water contact angles decreased upon cross-linking, which was
not the expected result. As can be seen from Figure 11-13, this reaction converts four
alcohol groups into two acetals tied together with a trimethylene bridge, which should be
more hydrophobic than PVOH. The maximum degree of cross-linking estimated from
ellipsometry (assuming that reaction proceeded according to Figure 11-13 and the density
of cross-linked product was equal to that of polyvinyl butyral, 1.12 g/cm^) was about
60%. Since this reaction needs two adjacent alcohol groups to go for completion, there
will always be a certain percentage of "lone" alcohols that will now have lost their
neighbors with whom they can form hydrogen bonds. Thus, these "freed up" alcohols
may be responsible for lower contact angles that we observed after cross-linking.
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Figure 11-14. Kinetics of cross-linking of PVOH (89,000-98,000, 99+% hydrolysed,
adsorbed from 1 g/L solution) with glutaraldehyde in acidic media monitored by
ellipsometric thickness (A) and advancing () and receding (•) water contact angle (B).
Lines are to guide the eye.
In order to get an idea about the number of these unreacted "lone" alcohol groups,
we took the samples from the above kinetics studies and labeled OH groups in them with
HFBC (Figure 11-15) in the vapor phase reaction ovemight (see below).
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Figure II- 1 5. Labeling of unreactcd hydroxyl groups wilh 1 IFBC lo monitor the rale of
cross- 1 inking.
Both ellipsometric thickness and contact angle data (Figure 11-16) indicate that
there is a considerable number of alcohol groups remaining in the cross-linked film
(available for reaction with IIFBC), and that this number obviously decreases over the
course of cross-linking reaction.
84
AB
55
'a 50
o
45
o
S 40
o
CI.
35
'
' '
' I 1 1 1 1 1 1 [ 1 1 1 1 1 1
1
1111
—
r
•
t// r
00:00 01:00 02:00 03:00 04:00 05:00 10!00
Time of cross-linking (hh:mni)
120n
o
o
00:00 01:00 02:00 03:00 04:00 05:00 10:00
Time of crosslinking (hh:mm)
Figure 11-16. Ellipsometric thickness (A) and advancing () and receding (•) water
contact angle (B) of PVOH (89,000-98,000, 99+% hydrolysed, adsorbed from 1 g/L
solution) first cross-linked with glutaraldehyde for a specified amount of time, and then
reacted with HFBC. Lines are to guide the eye.
After several hours of cross-linking, there is no thickness change upon subsequent
reaction with HFBC, but the contact angle indicates considerable fluorination
(hydrophobization) of the surface, clearly pointing out that hydroxyl groups indeed are on
the surface to react with HFBC. We hypothesize that it is these alcohols that are
85
responsible for the decreased contact angles on the surface after cross-linking with
glutaraldehyde.
We tested the resistance of cross-linked surfaces to hot water. PVOH coatings
adsorbed from 1, 10, and 100 g/L solutions were cross-linked with glutaraldehyde for 40
min, and then submerged into hot water (80«C) for V2 hour. EUipsometry (Figure 11-17)
and contact angle data (Figure 11-18) clearly demonstrate that cross-linking with
glutaraldehyde makes adsorbed PVOH immune to hot water whereas non-cross-linked
PVOH coatings undergo drastic changes in these conditions.
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Figure 11-17. Graph (A): Ellipsometric thickness of PVOH adsorbed on fluoroalkyl
monolayer (), cross-linked with glutaraldehyde in the presence (A) and in the absence
of sodium sulfate (•). Graph (B) on the right demonstrates the same samples as in graph
(A) after 30 mm in water at 80 ""C.
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Figure 11-18. Graph (A): Advancing water conlact angle ofPVOIl adsorbed on
fluoroalkyl monolayer (n ), cross-linked with glutaraldehyde in the presence (A) and ii
the absence of sodium sulfate (•). (Jraph (B) on the right demonstrates the same sampli
as in graph (A) after 30 min in water at 80 "C.
It is seen that non-cross-linked samples lost about half their thickness after hot
water treatment (coatings adsorbed from 100 g/L solutions were affected even more
seriously due to lower crystallinily), whereas there was no change observed for cross-
linked coatings. Also, the contact angles of the latter samples did not change at all after
hot water treatment, but those of non-cross-linked surfaces increased sharply, indicating
the exposure of the lluoroalkyl substrate under PVOH.
Thus, we have been able to cross-link the adsorbed PVOH surface and
significantly improve its stability.
11.4.2. PVOH adsorption and cross-linking with an inherent cross-linker
The adsorption of three copolymers of vinyl alcohol with the sodium salt of vinyl
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trihydroxysilane (R-polymers, see section U.2.3) was studied as a function of pH. Higher
pH shifts the silanol ^ sodium silicate equilibrium to the right, making the polymer
charged and more hydrophilic. Figure 11-19 shows pH dependence of ellipsometric
thickness and contact angle for three R-polymers. It is seen that higher pH results in
considerably thinner adsorbed layers, which is most likely due to their increased
hydrophilicity and the lower tendency of silicate groups to cross-link compared to
silanols. Also, higher content of silane comonomer in the polymer results in thicker
coatings because of the cross-linking reaction between silanols pictured in Figure II-3.
We have studied the stability of an adsorbed R-polymer in hot water (SO^C) for 90
minutes and compared it to that of PVOH homopolymer. Table II-3 lists thickness and
contact angles of the coatings before and after hot water treatment. The stability of the
film adsorbed from solution of an R-polymer is considerably greater than that of PVOH:
its surface remains hydrophilic, which is crucial for applications of these coatings.
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Figure 11-19, pH dependence of ellipsometric thickness (A) and advancing water contact
angle (B) of three R-polymers adsorbed on hydrocarbon monolayer. In the legend above,
the copolymers are arranged in the order of increasing percentage of vinylsilanol content,
from 0.1% to 0.5%
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Table II-3. Resistance of adsorbed PVOH and Rl 130 to treatment with hot
for 90 min
water (80 °C)
Contact angle
on as-adsorbed
surfaces, Of^
Contact angle after
treatment with hot
water, 0/^ Or
Thickness of
as-adsorbed
films, A
Thickness after
treatment with
hot water, A
PVOH 63/12 99/32 28 9
R1130 55/13 65/12 34 21
11.4.3. Esterification of adsorbed PVOH with acvl chlorides
Our initial studies on esterification of adsorbed PVOH were done with HFBC for
labeling purposes (section II.4.
1 ). We quickly realized, however, that the vapor phase
reaction of acyl chlorides with adsorbed PVOH is a great tool for ftirther modification of
these coating. There is a great variety of acyl chlorides that can be readily purchased
fi-om commercial suppliers; they are inexpensive and easy to handle. Since we set out to
try a range of different acyl chlorides, first we were concerned with optimizing reaction
conditions. Two acyl chlorides of the series, short acetyl chloride and long decanoyl
chloride, were chosen to represent both ends of the spectrum. For comparison purposes,
esterification with these acyl chlorides was performed both in solution and in vapor
phase.
Figure 11-20 shows the kinetics ofPVOH esterification followed by water contact
angle measurements. It is seen that both vapor and solution reaction are fast, reaching a
plateau after one day. All resulting surfaces are hydrophobic, and those made with
decanoyl chloride are considerably more so than the surfaces esterified with acetyl
chloride.
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Figure 11-20. Advancing (solid) and receding (open) water contact angle of PVOH
surfaces esterified for different lengths of time with acetyl (A) and decanoyl chloride (B).
The reactions were carried out either in the vapor phase ( and ) or in 0.21-0.25M
methylene chloride solutions in the presence of 0.054M pyridine (• and o). Lines are to
guide the eye.
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Comparing the solution and vapor phase reactions, we notice that there is almost
no difference in the case of acetyl chloride, but the surfaces prepared in the vapor of
decanoyl chloride have higher receding contact angles, which is an indication of better
surface "coverage" by hydrophobic groups, i.e. higher yield in terms of esterification of
OH groups. We estimated the yields of these reactions by ellipsometry and plotted the
percentage of conversion of PVOH alcohols (counting all OH groups in the whole
adsorbed film) into corresponding esters versus time (Figure 11-21). Vapor phase
reactions resulted in a plateau region of conversion for both reactants, whereas solution
reactions showed continued increase in effective conversions. Moreover, the values of
conversion for acetyl chloride in solution exceeded meaningful 100% after one day,
which indicates possible contamination of the film. A similar trend was noticeable for
decanoyl chloride, even though the conversion did not exceed reasonable 70%. For all
samples, the conversion for acetyl chloride reaction was greater than that for decanoyl
chloride. This fact is easily explained by better diffusion of the smaller reactant into
PVOH film, considerably lower steric constraints, and greater vapor pressure (i.e.
concentration) of acetyl chloride.
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Figure 11-21 . Percentage conversion of PVOH hydroxy! groups to esters as a function of
lime in liic vapor phase () and solution reaction (•) with acetyl chloride (A) and
decanoyi chloride (B).
Overall, we preferred the vapor phase reactions to solution reactions. First, they
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are considerably easier to set up, do not require using and disposing of organic solvents,
and minimize contamination of the sample by impurities in the solvent and/or reagent.
From our preliminary experiments above, we observed that vapor phase reactions
produce more reproducible results, and also result in more hydrophobic surfaces. An
advantage of solution reactions would be the presence of base in the media (pyridine in
our case). It is possible that the HCl evolving over the course of this reaction will
eventually start limiting the yield and may hydrolyze the newly formed ester. In fact, we
notice from Figure 11-21 (A) that the percentage of OH groups conversion slightly
decreases after two days of esterification in the vapor phase, which may be the
consequence of increased HCl concentration in the tube. Here, we also note that the
Schlenk tubes we used may possibly let some small amount of moisture in from the
ambient, which will contribute to increased HCl content inside. This is why we also ran
the vapor phase reactions in the presence of dry sodium carbonate to trap HCl vapor and
discuss the results below. Also, as far as the time of reaction is concerned, we were
convinced by our preliminary experiments that one day of the vapor phase reaction is
sufficient to reach the maximum conversion.
We performed a series of esterification reactions of PVOH with different acyl
chlorides. The dependence of contact angle data upon the size of the acyl chloride is
shown in Figure 11-22. The expected dependency is obvious from these plots:
hydrophobicity of the polyvinyl ester scales with hydrophobicity of the corresponding
reagent. We have performed this reaction with sodium carbonate (Na2C03) present in the
reaction tube and also without it, and the differences between final surfaces can be seen
from Figure 11-22. These differences will be discussed below.
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Figure 11-22. Advancing () and receding (•) water angles on PVOII surfaces eslerified
with a homological series of acyl chlorides CH3(CH2)n 2COCI and their lour derivalives:
heptafluorobutyryl chloride (IIF'BC), 3,3-dimethylbutyryi (tert-butyl acetyl) chloride (t-
BuAcCI), trichioroacetyl chloride ((^ChCOCI), and pentafluoroben/oyl chloride (PPBC).
The reaction was carried out in the vapor phase Ibr one day in the absence (A) or in the
presence (B) ol dry sodium carbonate in the reaction tube.
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Figure 11-23. Thickness gained by PVOH films after reaction with a homological series
of acyl chlorides CH3(CH2)n-2COC1 and their derivatives (AcrylCl, HFBC, t-BuAcCl,
and PFBC). The reaction was carried out in the vapor phase in the absence (A) or in the
presence of dry sodium carbonate (B) in the reaction tube.
Thickness changes of PVOH films upon exposure to the vapor of various acyl
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chlorides are presented in Figure 11-23. The first important observation from these graphs
is that for most acyl chlorides, thickness growth after esterification amounted to at least
that of the parent PVOH film (26 A). This indicates that the esterification extends all the
way through the "bulk" of the thin PVOH film, and not merely modifies the surface of it
in a monolayer-like fashion. It can be seen from Figure 11-23 (A) (no NajCOa) that
longer alkyl groups in the acyl chlorides lead to thicker films of corresponding polyvinyl
esters. The size of these reagents also has an effect on their reactivity, which explains
two plateau regions on the thickness plot. The very small acetyl chloride is capable of
reacting with almost every hydroxyl group of PVOH, thus giving rise to greater
conversion (>90%) than neighboring propionyl chloride, which is reflected in the
conversion plots in Figure 11-24. On the other hand longer alkyl chains face diffusion,
steric and decreased vapor pressure limitations in this reaction; this is why we see the
plateau on the right side of the thickness graph. Interestingly, bulky rBuAcCl only
slightly increases the thickness of the film, corresponding to low conversion, but at the
same time it produces a film with low contact angle hysteresis, which indicates that it
reacts primarily at the very surface of PVOH and cannot penetrate deeper. Another bulky
reagent, PFBC, despite its expected good reactivity due to five fluorine atoms in the
molecule, performs very poorly in this reaction, likely because of its low vapor pressure
(bp ISS^C) and very large size.
Upon comparison of two conditions of esterification (with and without Na2C03),
we quickly learn that sodium carbonate present in the reaction chamber generally lowers
the yield of esterification, contrary to our expectations. Its negative effect is more
pronounced for the shortest reagent, acetyl chloride, and two longest chlorides, octanoyl
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and decanoyl. It is possible that Na^COB acts in some other role in the reaction chamber,
not just trapping HCl, e.g. absorbs moisture and reagent. Also, it may be reasonable to
assume that this reaction is in fact catalyzed by a small amount of HCl. The latter
assumption is supported by the fact that HFBC, the most reactive, electron-deficient acyl
chloride, produces the same yields with and without NajCOa. We do not have an
unambiguous explanation of the role of NazCOj and conclude that its use in this reaction
is not required. However, as described in the next Chapter, it can still be employed when
other materials sensitive to HCl are present in the reaction chamber.
The values of the yields (Figure n-24) of the esterification reaction support our
approach for their estimation, since they all are within reasonable range (e.g., do not
exceed 100%). Mixtures of butyryl chloride (BC) and HFBC were used in an attempt to
create "mixed" esterified surfaces, i.e. random copolymers of polyvinyl butyrate and
polyvinyl heptafluorobutyrate (and unreacted PVOH). HFBC is by far more reactive
than BC, so the reagent mixtures for esterification were enriched with the latter. Figure
11-25 shows that indeed, surfaces with intermediate properties can be obtained by mixing
two reagents. As it could be expected, the advancing contact angle is largely determined
by the presence of HFBC, but the overall thickness and receding contact angle are
lowered because of BC. This approach is a truly universal way to create modified PVOH
surfaces with any desired composition by "mixing and matching" different reagents.
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Figure 11-24. Percentage of conversion of PVOH hydroxy! groups into esters after a J
day reaction with a homological series of acyl chlorides CH3(CH2)n-2COC] and their
three derivatives (HFBC, t-BuAcCl, and PFBC). The reaction was carried out in the
vapor phase in the absence (A) or in the presence of dry sodium carbonate (B) in the
reaction tube.
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Figure 11-25. I^llipsometric thickness gained by PVOII films after estcrilication with a
mixture of butyryl chloride and I II 'IK' (A) and then advancing () and receding (•)
water contact angles (B). Reactions were carried out in the vapor phase for one day;
reactants were mixed by volume.
Another interesting application of eslerification of adsorbed PVOII is using
functional acyl chlorides instead of plain alkyi ones. We esterilied adsorbed PVOII with
acryloyi chloride, to |)roduce polyvinyl acrylate on the surface. The reactivity of acryloyi
chloride towards PVOH and the wettability of modified surfaces were very similar to
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as a
those of propionyl chloride (hydrogenated acryloyl chloride). Wc briefly studied
linking of the resulting polyvinyl acrylatc using UV light and benzophenone
photoinitiator (Figure 11-26). Practically no changes in thickness or contact angle were
observed; neither did the XPS Cls spectrum change. However, the modified surface
demonstrated superb resistance to boiling water and a wide variety of organic solvents.
Apart from this simple chemistry, other interesting reactions, such as grafting of acrylic
monomers, could be performed on these surfaces.
HC CH HC^ ^CH
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Figure 11-26. Cross-linking of adsorbed PVOH by reacting it with acryloyl chloride and
then polymerizing using UV light and a photoinitiator.
11.4.4. Urethanation of adsorbed PVOH with isocvanates
Modification of PVOH with isocyanates has one clear advantage over acyl
chlorides: there are no by-products formed in this reaction, so it can be performed in the
presence of surfaces sensitive to acids.
We started by modifying adsorbed PVOH with isocyanate in a conventional way,
in solution of pyridine. Table 11-4 shows conversion and contact angles for the surfaces
prepared in this fashion. Obviously, this reaction is not very efficient, especially at room
temperature. It is seen that despite low conversion, the contact angle changes
significantly after 70 °C reaction, which indicates that the reaction is confined to the
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surface. The reactivity of butyl isocyanate is a little higher than that of /m-butyl
isocyanate, which also supports the conclusion that reaction is happening only on the
surface so the steric limitations within the film do not come into play.
Table II-4. Conversion and contact angles (advancing/receding) of PVOH surfaces
modified with two isomeric isocyanates in pyridine solution for one day.
Room temperature 70 "C
Butyl isocyanate 6% (76/28) 8% (96/45)
tert-Buty\ isocyanate 0% (64/21) 7% (76/28)
Since this is an expected result for a solution reaction, we thought that the vapor
phase procedure might allow us to increase the conversion. Since catalysis is usually
employed in this reaction, it was a subject of additional interest to run it in the vapor
phase, i.e. without any third substances at all. It can be seen from Figure 11-27 that the
reaction of PVOH with butyl isocyanate proceeds appreciably in the vapor phase even at
room temperature; however it can be considerably accelerated at elevated temperatures.
Judging from the contact angle, the reaction at 70 ''C is complete after two days. This
establishes a previously unreported technique for surface modification of PVOH:
uncatalyzed vapor phase reaction with isocyanates at an elevated temperature.
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Figure 11-27. Kinetics of urethanation of adsorbed PVOH with butyl isocyanate,
monitored by advancing (solid symbols) and receding (hollow symbols) water contact
angles. The reaction was performed in the vapor phase, at room temperature (•) and at
70 «C ().
We briefly studied several other isocyanates for the modification of adsorbed
PVOH and found that they were all reactive under the chosen conditions, however, with
different yields. Table II-5 lists yields and water contact angles obtained on the surface
of adsorbed PVOH treated with different isocyanates in the vapor phase for 5 days.
Comparison of butyl and tert-buty\ isocyanates reveals that the bulky isomer produces a
considerably lower yield and lower contact angles, even though it has a lower boiling
point. Curiously, both substituted phenyl isocyanates (one with a CN group in the meta
position, the other with two CF3 groups in two meta positions to the isocyanate group)
produced higher yields than plain phenyl isocyanate. Both nitrile and trifluoromethyl
groups may affect the reactivity of the isocyanate and also, being polar, they could
catalyze the addition of the next incoming molecule of the reagent to PVOH. The
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relatively low contact angle of the surface saturated with 3-cyanophenyl isocyanate could
be explained by polar character of the CN group: for example, a reported static contact
angle on polyacrylonitrile film is 55°.'' The most hydrophobic reagent, 3,5-
bis(trifluoromethyl)phenyl isocyanate, produced the most hydrophobic surface with a
relatively low hysteresis despite the modest yield.
Table II-5. Highest conversion and contact angles that could be achieved for the
isocyanates studied at 70 °C, in the vapor phase.
Maximum conversion
achieved at 70 °C after 5
days
Maximum water contact
angle, 6'a/%
Butyl isocyanate Close to 100% 92/53
/er/-Butyl isocyanate 15% 73/27
Phenyl isocyanate 29% 90/29
3-Cyanophenyl isocyanate Close to 1 00% 80/33
3,5-
bis(trifluoromethyl)phenyl
isocyanate
56% 97/62
Overall, the reaction of adsorbed PVOH with isocyanates is a promising and
efficient new approach for the synthesis of ultra-thin films with desired properties.
IL4.5. Grafting PEG on adsorbed PVOH
Grafting "from". Cationic ring-opening polymerization of ethylene oxide in the
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presence of alcohol is likely to proceed by an activated monomer mechanism.
Although bulk polymerization of ethylene oxide is inevitable, activated monomer
molecules in the vicinity of the PVOH surface will react with the nucleophilic hydroxyl
groups starting the growth of grafted chains.
We have used water contact angle, ellipsometry, and XPS to characterize the
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surfaces of PVOH with grafted PEG on it (PVOH-g-PEG). All techniques confirmed
successful grafting (Figure n-28). Clearly resolved carbon Is peak in the XPS shows a
significant height increase of the C-0 shoulder and disappearance of C-F signal from the
substrate, which obviously can no longer be seen under thicker grafted film. We could
see by ellipsometry that the grafting reaction was accomplished after 2 h, and no change
was observed when it was allowed to proceed for up to 24 hours. Advancing and
receding contact angles of smooth ultra-thin PVOH film are 62+2/IO+2, which after
grafting reaction become 53±2/28±i clearly indicating the introduction of PEG chains into
the polymer film.
62,2/10.2
(j)H (|)H
PVOH
53^.2/28+2
PVOH-^-PEG
Figure 11-28. Successful grafting of PEG demonstrated by contact angle measurements
and XPS.
In order to assess the average degree of polymerization of grafted PEG chains
(denoted m), we have labeled hydroxyl groups on the copolymer with HFBC and
compared thickness values for PVOH, PVOH-g-PEG, and labeled PVOH-g-PEG. Two
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sets of samples were used in this experiment: ultra-thin PVOH coatings as deposited from
aqueous solution and the same coatings annealed at 140 X. The crystalline structure of
PVOH includes doubly hydrogen-bonded hydroxyl groups. Annealing increases the
degree of crystallinity of PVOH thus reducing the number of OH groups available for
nucleophilic substitution reactions. Thus, annealed samples should have a lower density
of grafted PEG chains, although there should be no difference in m between annealed and
non-annealed coatings. Figure U-29 depicts values of film thickness obtained for PVOH
coatings at all stages of surface chemistry.
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Figure 11-29. Ellipsometric thickness of freshly adsorbed (white) and annealed at 140T
after adsorption (grey) PVOH, modified by PEG grafting and subsequent labeling with
HFBC.
From thickness values, it can be seen that annealed samples produced thinner
grafted coatings than non-annealed. Subsequent labeling with HFBC amplified this
difference. The degree of polymerization of grafted PEG can be calculated assuming that
m is simply equal to the ratio of PEG monomer units to the number of hydroxyl groups
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reacted with HFBC. The calculated degree of polymenzation of grafted PEG on non-
annealed PVOH was 6.4, on annealed 6.7. Taking experimental error into account, these
values can be considered the same, thus provmg the validity of our assumption about
equal reactivity of both samples. Usmg a similar equation for parent PVOH layer, it is
possible to calculate the percentage of OH groups available for grafting reaction. The
numbers obtained were 33% and 21% for non-annealed and annealed samples,
respectively.
Grafting "to". Grafting "to" was done with reactants purchased from a
commercial supplier. These "activated" PEGs had aldehyde groups, either at one or at
both ends, by which they could bind to PVOH in acidic media (Figure 11-30).
^JJ^I^J^^^
CH,0-(CH2-rH-0)„-(CH,)3-CHO
^
Figure 11-30. Grafting mono- and difunctional commercially available PEG oligomers to
PVOH surface through the aldehyde functionality.
Grafting *'to'' methods usually produce lower grafting densities than grafting
"from" due to competition among solvated polymer molecules for surface spots. Thus,
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decreasing the degree of solvation of polymer molecules should increase the grafting
yield. This is precisely what we have done performing grafting in a solution of
concentrated salt (0.5M Na2S04). It can be expected that under these conditions
PEG molecules will be able to approach the surface at the same time and anchor to it
more efficiently (Figure 11-31).
more
PVOH
Good solvent Poor solvent
(water) (salt solution) ^^^^^
PVOH-,-PEG PVOH-^-PEG
Figure II-3 1
.
Poorer solvent is better for dense grafting of polymers with sticky ends.
Table II-6 shows the results of thickness, OH group conversion, and water contact
angles for adsorbed PVOH surfaces modified with alcohol-terminated PEGs with and
without salt in solution. Calculating the yield for the difunctional PEG, we assumed that
both aldehyde groups reacted with the surface. Thus, the yields for this reactant may be
overestimated. It is immediately noticeable from this table that adding salt to the reaction
media indeed increases the yield of grafting, especially for the difunctional PEG. The
values of contact angle clearly indicate the change in surface composition of PVOH and
are consistent with other values of contact angles on PEG surfaces.^^ The highest yield
grafting (28%) was achieved with the difunctional reagent. The question whether it
reacts by one or two end groups can be answered by an attempt to attach a label to the
free aldehyde group. This subject is addressed in the next Chapter.
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Table II-6. Grafting aldehyde-terminated PEGs to adsorbed PVOH
concentration in solution.
as a flinction of salt
Grafted layer
thickness (A)
Conversion of
PVOH hydroxyl
Water contact
angles
5,000 PEG-ALD
No salt 77 3.6 % 67/28
0.5M Na2S04 89 4.5 % 56/24
3,400 ALD-PEG-ALD
No salt 67 8.7 % 48/25
0.5M Na2S04 162 28% 45/24
II.4.6. Dehydration of adsorbed PVOH
Dehydration of PVOH was performed with potassium hydrogen sulfate as an
acidic catalyst (Figure 11-32), which forms an ester intermediate that decomposes upon
heating. This should be an autocatalytic reaction since the system of conjugated bonds is
formed.
OH
KHSO OSO2OK
Figure 11-32. PVOH dehydration with potassium hydrogen sulfate.
Our numerous attempts to convert nano-PVOH to nano-polyacetylene have had
limited success. XPS analysis has reproducibly shown that PVOH loses many alcohol
groups after our dehydration procedure (Figure 11-33), which is noticeable from the shape
of carbon 1 s peak between 280-285 eV. At the same time, however, complete removal of
oxygen from the surface was never achieved, and subsequent coupling of the dehydration
product with acrylonitrile by the Dicls-Alder mechanism did not result in statistically
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significant amounts of nitrogen compared to control samples. It is likely that at the
temperature of dehydration, more drastic changes occur to PVOH (cross-linking by ether
bonds, chain scission in weak links such as head-to-head fragments, and decomposition)
and the system of conjugated double bonds never develops. Overall, it is clear that
adsorbed PVOH can be partially dehydrated by catalytic pyrolysis, but this proced,
unlikely to have a value for the synthesis of conducting ultra-thin coatings.
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Figure 11-33. XPS Carbon Is regions of PVOH adsorbed on fluorinated monolayer (A)
and dehydrated with KHS04at 200"C (B).
IL5> Conclusions.
Chemical properties of adsorbed PVOH have been explored. Reactions used for
modification of bulk PVOH or solution-cast films are also suitable for adsorbed ultra-thin
films after certain adjustments to the procedures. PVOH was successfully reacted with
aldehydes, acyl chlorides, isocyanates, and ethylene oxide. It was demonstrated that
adsorbed coatings can easily be cross-linked, which greatly improves their resistance to
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dissolution. Modification of PVOH in the vapor phase converts the whole film into the
con^sponding derivative. Versatile esterification with acyl chlorides allows changing
both film thickness and wettability with unique precision. Previously unpublished
modification of PVOH with isocyanate vapors has been proven to work and can be used
whenever a byproduct-free process is needed for these films. PEG was successfully
grafted to and from adsorbed PVOH, and the protein repellency of these coatings will be
addressed in the next chapter.
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CHAPTER 111
APPLICATIONS OF ADSORBED PVOH
111.1. General
As we have shown in the previous chapters, ultra-thin films of adsorbed PVOH
provide a universal way for surface modification of hydrophobic materials. The
applications of these films can be broken down into two major categories: using adsorbed
PVOH either as a coating or as a nanoscopic film. Of course, there is a certain degree of
overlap between these.
Using PVOH as a hydrophilic coating for improved wettability and spreading on
hydrophobic materials, including porous superhydrophobic sheets, was discussed in
Chapter I. In this chapter, we will address a more sophisticated subject of using PVOH
coatings for improved adhesion of materials. Another important application of
hydrophilic PVOH coatings would be improving biocompatibility of surfaces, reducing
protein and bacterial adsorption for better resistance to biofouling. This application will
be discussed here with the emphasis on protein adsorption on the surface.
Our research of the chemistry of adsorbed PVOH has provided us with a
convenient handle to custom-make ultra-thin films with desired chemical properties and
thickness. Quick and clean vapor phase reactions increasing the thickness of the film by
more than a hundred percent will allow us to do chemical patterning ofPVOH films.
Also, the fact that vapor phase modification ofPVOH with acyl chlorides and isocyanates
changes the properties of the whole ultra-thin film, and not just the surface, will make
possible the use of these films for chemical vapor sensing.
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IIL2. Improved adhesion of non-Dol«r n^.t.Ho.e .u
.^^^y, pyQ^ ,Hc..p.;.»
Adhesion is defined as the ability of the interface between two materials to resist
mechanical separation. Hydrophobic materials, such as polyethylene, usually need to be
surface-modified before they can be adhered together or a stable paint coating can be
applied. This is usually achieved by partial oxidation, using flame, corona discharge,
plasma or chemical treatment. Surface composition is often inconsistent and pooriy
determined. We explored the possibility of improving the gluing efficiency of the surface
of polyethylene by first adsorbing PVOH onto it. Our idea was that even though it will
be only Van der Waals forces holding the adsorbed PVOH on the surface, PVOH may
promote better spreading and penetration of the adhesive, which may maximize the
contact surface area.
Samples of High Density PE (HDPE) were cut into rectangular pieces
15x15x100 mm. Steel hinges were attached to each piece by running a thick copper wire
through a hole drilled in the polymer sample (Figure III-l). PVOH (99%+ hydrolyzed,
MW 89,000-98,000) was adsorbed onto the surface of these polymer "bricks" from a 10
g/L solution. The samples were then rinsed and dried under vacuum. Half of the samples
was subjected to surface cross-linking with glutaraldehyde for 40 min. (see Chapter 2).
An off-the-shelf epoxy glue ("90-minute epoxy" supplied by Loctite) was applied to each
interface and the samples were squeezed together. After complete setting for 24 h at
room temperature, excessive resin was removed from the sides of the joint, so the pulling
force was applied to the known joint area. An Instron 551 1 was used for the peel test.
The hinges were pulled apart at a very slow rate (O.lmm/min) and the load-extension
curve was recorded. Samples without pre-adsorbed PVOH and glued with epoxy were
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used as controls.
to Instron
1^^
Side view o
tttti king*.
IIDPH
MTij
Figure III- 1
.
Experimental set-up to measure the effect of PVOH adsorption on materials
adhesion.
Our mechanical test is very close to the popular double cantilever beam (DCB)
style Mode 1 (normal load) fracture toughness test, except that the latter is usually
performed with pre-scratching of the interface between materials.
Figure III-2 shows the load-extension curve for three interfaces glued with epoxy
under the same conditions: clean HOPE, HOPE with adsorbed PVOH, and HOPE with
adsorbed and cross-linked PVOH. It is seen that the failure of the adhesive joint in all
cases has the same abrupt character. Surfaces with pre-adsorbed PVOH show -60%
improvement in the load at the breaking point, and those with pre-adsorbed and cross-
linked PVOH need -140% more load than HDPE to break. This is a considerable
improvement of adhesion likely caused by better contact of epoxy (or rather, epoxy-
PVOH) with the glued material. Cross-linked PVOH shows even better adhesion
because of the stronger interface that has to be peeled off the substrate all at a time.
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Figure in-2. Load-extension curves for HDPE samples glued with epoxy. Blue curves
are control samples of HDPE without PVOH, green indicate HDPE with pre-adsorbedPVOH before glumg with epoxy, and red correspond to HDPE with pre-adsorbed PVOH
that had also been cross-linked with glutaraldehyde (GA) before applying the adhesive.
Sample width 15 mm, extension rate 1 mm/min.
In order to get an insight into the nature of the mechanical failure in our system,
we performed detailed chemical analysis of all interfaces formed during the mechanical
test. It is noteworthy that when these samples come apart, the epoxy layer seems to never
break along the plane parallel to the surfaces in contact: it seems to stay on one side
("epoxy" side) while the other side appears to be free of the glue ("PE side"). XPS
analysis was done on both sides and the results are summarized below (Table III-l).
Obviously, the survey spectra and atomic concentrations calculated from detailed region
analysis (multiplexes) prove our initial hypothesis: PVOH-HDPE is the critical boundary
of the joint, which separates very cleanly upon breaking. The third column in Table III-l
very convincingly shows that HDPE surface obtained after breaking of the adhesive joint
is strikingly similar to virgin HDPE (shown in the first row for comparison).
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Table III
samples
Control
interfaces
(no
gluing)
No
PVOH
-1. XPS analysis of the interfaces formed by mechanically separating HOPEpre-treated wuh PVOH and glued with epoxy resin. Take off angle 45 deg
"Epoxy^^ side of the broken interface
800 600 400
Binding energy (eV)
Carbon: 84.2
Oxygen: 8.0
Nitrogen: 7.8
12000
10000
8000
6000
4000
2000
1000 800 600 400
Binding energy (eV)
Carbon: 83.8
Oxygen: 9.9
Nitrogen: 6.4
Polyethylene" side of the broken interface
600 400
Binding energy (eV)
Carbon: 99.9
Oxygen: 0.0
Nitrogen: 0.0
I
' I 1 » r
800 600 400 200
Binding energy (eV)
Carbon: 98.2
Oxygen: 0.9
Nitrogen: 0.8
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Comparing atomic concentrations of the "polyethylene" side for HDPE-PVOH
and HDPE-PVOH-GA (cross-linked surface), which are in the third and fourth rows of
the right column, we see more oxygen on the surface that was in contact with non-cross-
linked PVOH. This supports our explanation of greater adhesion strength of cross-linked
PVOH: the surface has to come off as one piece, and it takes more energy to do that than
to peel off the non-cross-linked layer that can leave some parts behind (evidenced by the
presence of small amount of oxygen on HDPE, which can be nothing but PVOH). The
composition of the "epoxy" side also tells us that no HDPE comes off during the
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breaking of the joint: the control epoxy sample has the same amount of carbon as the
"epoxy" side torn off HDPE without PVOH pre-treatment. This "epoxy" side is enriched
with oxygen when the test is performed w.th PVOH pre-treatment, and has less oxygen
when PVOH had been cross-linked, which is consistent with the stoichiometry of the
cross-linking reaction (it adds five carbon atoms per four PVOH monomer units cross-
linked, without changing oxygen, see Figure 11-13).
In conclusion, PVOH adsorption and cross-linking is a potent tool to improve
adhesion of non-polar organic materials. We demonstrated that PVOH-PE is the critical
boundary of the joint, but this process nevertheless makes adhesive joints stronger.
IIL3. Improved biocompatibilitv of surfaces with adsorbed PVOH
As we described in section n.3.5 in Chapter 2, we have successfully grafted PEG
to the surface of adsorbed PVOH using two approaches. As a means to assess the surface
protein repellency, we have measured the amount of adsorbed bovine serum albumin
(BSA). BSA was chosen as a model protein since it is the most abundant in the blood
and very well studied. It was also hypothesized that if albumin adsorbs on the suri'ace of
a biomedical implant preferentially, it will inhibit adsorption of platelet-reactive proteins
such as fibrinogen and fibronectin, thus passivating the surface towards platelet activation
(i.e. blood clotting).^^
BSA adsorption was studied in conditions that mimic physiological media, at
37°C, in phosphate buffered saline (PBS) solution, pH 7.4, at the protein concentration
0.1 mg/mL. A 2-hour adsorption is reportedly long enough to achieve maximum
adsorption at the concentration used. The amount of adsorbed protein was assessed by
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ellipsometry using Equation 10
nnglmm')^K{glcm').d{nm)
(Equation 10)
where AT 1 .2 g/cm^ is the density of the protein in air, and d is the thickness of the
adsorbed layer.'«« As an alternative method to assess the amount of adsorbed protein,
nitrogen content on the surface was measured by XPS.
BSA adsorption was studied by elHpsometry on PVOH-g-PEG surfaces obtained
by the grafting "from" procedure. It is seen from Table III-2 that protein adsorption was
significantly reduced (by
-80%) on the surface with adsorbed PVOH and then reduced
even more after grafting PEG.
Table III-2. BSA adsorption amounts onto Silicon-Supported Substrates, Protein
Concentration O.lmg/mL, 37T, PBS Buffer, 2h.
Thickness of
adsorbed protein
layer, A
Protein
adsorption,
ng/mm^
monolayer
26±2 3.1±0.2
PVOH film 5±2 0.6±0.2
PVOH-g-
PEG
2±1 0.24±0.1
The analysis of BSA adsorption on the surfaces obtained by grafting "to" method
was done exclusively by XPS since ellipsometry could not adequately detect small
amounts of adsorbed protein on thick films whose initial thickness varied in some range.
Instead the amount of nitrogen on the surface was analyzed by XPS at 45 deg. take-off
angle. Figure III-3 shows the percentage of nitrogen on the surface of samples subjected
to BSA adsorption.
120
Hydrophobic
monolayer PVOH ^» PEG-Aid PEG-Aid Aid-PEG-Aid aw-peg-aw
grafted 5.ooo 3.4oo. 3.400.
'iVoni" No suit O .^MsuIt No suit 0.5M suit
Figure III-3. Adsorption of Bovine Serum Albumin on PVOH and PEG-^-PVOH (37 °C
2 hours. PBS solution at physiological pH 7.4) as studied by XPS using nitrogen atomic'
concentration, at 45 deg. take-off angle.
Here we also observe that PVOH adsorption very significantly reduces protein
adsorption, which by itself is an important result: PVOH adsorption is incomparably
easier (cheaper, quicker, and more fool-proof) to do than attaching PEG to surfaces, so it
can be used when a significant (but not complete) repulsion of proteins is needed.
Surprisingly, the PVOH-g-PEG surface obtained by grafting "from" shows similar
nitrogen content to that observed for PVOH, which is contrast to what was observed by
ellipsometry. We tend to believe XPS data more due to greater error of ellipsometric
measurements when it comes to 1-2 A resolution. Three PVOH-g-PEG surfaces
presented on the right of Figure III-3 (obtained by the grafting "to") showed lower
protein adsorption than PVOH. Remarkably, we see that the lowest protein adsorption
was observed on the surface modified with difunctional PEG, which supports our earlier
assumption that its both ends react with PVOH. If it was otherwise, the remaining
aldehyde groups would bind with the amino groups of BSA very easily, and we would
see increased adsorption (c/iem/sorption). Almost negligible amount of BSA adsorbed on
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the thicRes. PVOH-,-PEG surface prepared w,th difunc.ionu, PEG in the sal, solution.
This proves the possibiH.y of creating protein-repellent surfaces with PVOH adsorption
as an intermediate step.
ni.4. Chemical patterniin» of adsorheH PVOii
Our ability to reproducibly control the thickness of adsorbed PVOH coatings
(Chapter 1) combined with available surface modification techniques (Chapter 2) allowed
us to produce patterns on the surface with defined features in the nanometer size range.
Figure 111-4 depicts the general idea of "molding" small features on the surface of
adsorbed PVOH. First, the surface is covered with a porous material, e.g. a
microseparation membrane. Then the covered surface is exposed to a vapor of a
chemical readily reacting with PVOH underneath the template. If the rate of reaction is
fast compared to the rate of diffusion, a replica of the porous substrate is imprinted on the
PVOH surface.
r
vapor
Figure 111-4. Schematic representation of "printing" on the surface of adsorbed PVOH
using a porous screen and vapor phase chemistry.
We attempted this patterning for a series of porous materials and reagents. It
appears that tight contact between the screen and PVOH is necessary for good printing,
as well as a reagent with moderate reactivity. For example, HFBC, which is very
reactive, always covered the surface uniformly without replicating the features of the
screen. On the other hand, surface modification with non-fluorinatcd acyl chlorides was
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more responsive to the structure of screening matenal. Below are some examples of the
surfaces that can be obtained with this approach.
Figure III-5 shows an SEM image of a Millipore GPC filter with the pore size
0.45m listed on the package. We would like to emphasize that the actual pore size and
especially the openings on the surface are not adequately reflected by the stated pore size,
This filter was attached to a silicon wafer with adsorbed PVOH so that the surface
covered with it, but the sides were wrapped with Teflon tape to keep the vapor phase
reagent from bypassing the membrane. Such an assembly was exposed to acetyl chloride
vapor for 12 hours, then the filter was removed and the surface rinsed, dried and analyzed
with AFM.
was
Figure III-5. SEM image of a PTFE filter with stated pore size 0.45 ^im.
Figure III-6 shows two AFM images obtained of the surface of this PVOH
sample. Note that the feature analysis software gave the mean diameter of the visible
elevated areas on the surface almost exactly 0.45 jiim, the pore size of the screen. It is
also noteworthy that the height of these elevations corresponds well to the added
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ellipsometric thickness when the same reaction is done without the screen. The next few
images (Figure 11,-7
-
Figure III-9) show successful attempts to replicate porous matenals
on the surface of PVOH by vapor phase chemistry.
Grain size Mean 385.14 nn'
Grain size sta Jev 461.69 nM'
NuMker of grains 130.00
Histoc^raM X 99.237
NuMber or grains 131
Grain height 3.305 nM
Hean size 157841 nM'
Mean diaNeter 448.30 nM
NuMber or peaks 1
Figure III-6. Two images of the same sample surface prepared by screening adsorbed
PVOH with a PTFE filter with pore diameter 0.45 \im and exposing it to the vapor of
acetyl chloride for 1 day. The mean diameter of grain closely matches the pore size.
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Figure m-7. SEM image of expanded PTFE sheet (top) and AFM images (bottom) ofPVOH surface modified with decanoyl chloride in the vapor phase for 12 hours screened
with e-PTFE.
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Grain size Nean 24.198 nM'
Grain size std dev 11.151 nm'
NuMber of grains 1043.0
HistograM X 68.528
NuMber of grains 1522
Grain height 0.897 HM
Hean size 1462.5 nM'
Mean diaMeter 43.152 nM
NuMber of peahs 1
Figure III-8. An image of the surface prepared by screening adsorbed PVOH with a
Nuclepore filter with pore diameter 0. 1 ^im and exposing it to the vapor of butyl
isocyanate for two days at TOT. The mean grain diameter is smaller than the
Z r«ng« 10.00 nm 2 range 60.00 "
Figure III-9. AFM image of the surface prepared by screening adsorbed PVOH with an
Anapore membrane with pore diameter 0.2 p,m and exposing it to the vapor of acetyl
chloride for 6 hours. The mean size of larger features is close to the pore diameter.
Our brief study revealed that flexible porous materials work considerably better
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for screening than solid ones like Anapore membranes. Overall, it is obvious from this
data that chemical pattemmg ofPVOH surfaces is a real possibility, and transferring
desired images is likely only a matter of optimizing conditions.
IIL5. Vapor sensing devices based on ultra-thin modified PVOH m^fing^
III.5.1. Introduction
Recently, there has been a growing research effort focused on designing improved
devices for chemical vapor sensing, including detection of chemical warfare agents. One
of the most promising approaches involves the so-called microsensor arrays based on
surface acoustic wave (SAW) devices.'^' First introduced in 1979,'^^ SAW devices have
gained popularity and are used by many researchers to construct chemical vapors. An
excellent review on the subject was published recently. A single SAW device
normally consists of a piece of quartz that has a series of interdigitated transducers (IDTs)
on the surface (Figure III- 10). The IDTs generate transverse waves guided by the surface
of the device and traveling parallel to the surface.
Figure III- 10. Surface acoustic wave (SAW) device (right) and the series of
interdigitated transducers (left) used for vapor sensing.
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Figure III-l 1. Surface of a SAW device with a model coating for gas sensing.
Actual sensing occurs when a vapor component adsorbs on the surface of the
device thus altering its wave characteristics, e.g. frequency (Figure III-ll). Although
even the bare surface of a SAW device will be able to act as a sensor via adsorption of
analytes, sensitivity and selectivity of such sensors can be tremendously improved by
coating the surface with a suitable material. Taking several sensors with different,
judiciously chosen coating materials, and arranging them in an array allows creating a
device that will provide a unique response to a target analyte.
Polymers are ideal candidates for coating materials, because they are non-volatile,
easily processable, allow rapid vapor diffusion in the amorphous state, and offer almost
unlimited chemical variety. At the same time, however, conventional methods of
depositing thin polymer films on the surface (spin-coating, wet spraying, etc.) do not
provide adequate reproducibility so strongly demanded by sensor application, especially
in the case of mass production of sensing devices. Methods such as plasma
polymerization on the sensor surface'^, electrochemical deposition'"^, and direct105
polymer deposition from the gas phase'^ address this issue, however they are either
limited to specific polymers, or produce films of uncertain characteristics.
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We proposed a simple, yet very reproducible, approach to deposit ultra-thin
polymer coatings on sensor surface and adjust their chemical properties in the desired
direction. It is based on PVOH adsorption on hydrophobized sensor surface and
subsequent chemical modification of the polymer. As has already been discussed in
Chapter 2, we have a great variety of reagents to easily convert adsorbed PVOH coatings
into different polyvinyl esters. Since PVOH adsorption is a very reproducible step, our
goal would be to standardize the conditions of subsequent esterification to ensure
precision-controlled final film thickness and composition. The direction of chemical
modification, i.e. the choice of acyl chlorides (or possibly, isocyanates), will be dictated
by the specific analyte, and may be significantly adjusted after preliminary vapor sensing
tests.
III. 5.2. SAW devices preparation and testing
SAW devices were supplied by the Sensor Research and Development Corp.,
Orono, Maine and had a base fi-equency ca. 915 MHz. They were cleaned in oxygen
plasma (30W, 100 mtorr) for 5 min and hydrophobized immediately after cleaning with
the vapor of (tridecafluoro-l,l,2,2-tetrahydrooctyl)triethoxysilane (Gelest) at 70 °C for 4
days. They were subsequently rinsed with methylene chloride, toluene, ethanol, and
water. PVOH coatings were adsorbed on the surfaces ofSAW devices by submerging
them into 1 g/L aqueous solution of the polymer for 1 hour, subsequent rinsing with
copious amount of deionized water and drying under vacuum.
Subsequent chemical modification of adsorbed PVOH was carried out in the
vapor phase. A custom-designed glass holder with SAW devices was placed in a glass
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Schlenk tube containing dry sodium carbonate (placed in a plastic dish below the
samples). The tube was evacuated overnight, backfilled with nurogen. and then -3 mL
of acyl chloride or isocyanate was cannulated inside. The reactions were carried out from
0.5 h to 2 days, after which the samples were taken out, nnsed with methylene chloride
and water, and dried in vacuum for at least 3 hours. For control puT,oses, hydrophobized
silicon wafers were always placed in the same container with SAW devices for PVOH
adsorption and subsequent modification, and ellipsometric thickness and contact angle
data were collected.
An HP frequency counter and a custom-designed test board were employed to
monitor the oscillation of SAW devices at all stages of preparation. Vapor testing
experiments were performed at the site of Sensor Research and Development Corp.,
Orono, Maine, on a Custom Environics 2 system. Sensors were tested with vapors of
common organic solvents (toluene, ethanol, hexane), mustard gas simulant 1,5-
dichloropentane (DCP), nerve gas simulant dimethyl methyl phosphonate (DMMP), and
diesel fuel. Since water vapor is known to have a plasticization effect on PVOH, which
is the base for these sensor coatings, humidity effects on the sensor response were studied
as well. The same testing protocol was followed for all sensors: the valve connecting the
system to the tank of analyte gas was opened at time zero and closed after 180 seconds.
The yellow shaded area in the gas testing plots indicates the time of exposure before the
recovery began. Sensors were allowed to recover for 540 seconds (under slow flow of
air), and then tested twice in the same fashion with the same analyte. These three
consecutive measurements were averaged and reported on the gas testing plots with the
deviation among them reflected by the error bars.
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111.5.3. Results: nreparafinn of coatcrl s;a,w devii-p^
TTie surface of a SAW device consists of altemating strips ofaluminum oxide
(which covers aluminum metal in IDTs) and silicon oxide (exposed part of quartz
substrate). Detailed structure can be seen in the APM analysis of the surface of a SAW
device (Figure III- 12).
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Figure III- 12. AFM section analysis of a SAW device surface. It is seen that the average
height of aluminum transducers is 60 nm, and their width is about 1000 nm.
It was successfully hydrophobized by exposing it to the vapor of (tridecafluoro-
1 , 1 ,2,2-tetrahydro-octyl)triethoxysilane (Figure III- 1 3). It should be noted that several
other hydrophobic silanes forming self-assembled monolayers on the SAW surface were
tried and found unsuitable for our purposes. It turns out that the SAW devices are very
easily and permanently damaged by water, immersion into which is absolutely
unavoidable due to the PVOH adsorption step. Coating them with hydrocarbon-
substituted silanes, such as octyltriethoxysilane, did not provide enough protection
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against water. Figure ni-14 shows a photograph of such SAW device
.eft in water for ,2
hours. I, can be seen that the aluminun. layer is partially etched away. Such a device
does not oscillate on the test board and ,s refe„ed to as "dead" sensor, i.e. i. is now scrap
metal. On the other hand, the monolayer fonned by C.F,3(CH.),-Si(OEt)3 in the vapor
phase were indeed very dense and hydrophobic, which enabled us to perform PVOH
adsorption and retain working function of the sensors in the overwhelmrng majority of
samples.
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Figure III-13. Hydrophobization of SAW surfaces and subsequent PVOH adsorption,
Figure 111-14. A photograph of a SAW surface modified with octyltriethoxysilane and
submerged in water for 12 hours.
Figure 111-13 shows the general pathway to modify the surface of SAW devices
and adsorb PVOH onto it. All modifications of the surface of a SAW device could be
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increases its
followed by measuring its frequency. As adding coating to the surface
weight, frequency normally decreases and a frequency shift is reported (Figure III-15).
Upon hydrophobization, this shift amounts to 73±42 kHz (out of the base value of -915
MHz). After PVOH adsorption, the measured frequency shift was 251±31 kHz (values
given are the average ± standard deviation m a set of 1 10 SAW devices). This includes
more than twelve different batches of sensors, which indicates very good batch-to-batch
reproducibility. A larger relative error of frequency drop after hydrophobization can be
explained by the fact that we did not measure frequency change after cleaning (so we
could start hydrophobization as soon as possible), and thus the reported value is in fact
the difference between hydrophobized sensors and those that arrive from the factory,
obviously of unknown cleanliness. Here again we witness the unique character of PVOH
that sets it apart from other water-soluble polymers: the seemingly unreliable polymer
adsorption, which could be expected to be that "weak link" undermining our efforts, is in
fact a very reproducible step.
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Figure III- 15. Frequency drop of SAW devices as a result of cleaning and
hydrophobization (•) and subsequent PVOH adsorption (, 1 hour, 1 g/L).
A number of SAW devices with adsorbed PVOH were subjected to further
modification in the vapor phase. In Chapter 2 we established that using sodium
carbonate in the reaction of acyl chlorides with PVOH does not increase reaction yield.
However, it was used here to weaken the corrosive effect of HCl on aluminum electrodes
of the SAW device. Even still, we noticed that running the reaction with acyl chlorides
for longer than a few hours significantly increased the percentage of "dead" sensors.
Thus, most of the reactions with acyl chlorides were performed for 2-3 hours. The
capabilities of our XPS instrument allowed us to obtain spectra of the sensing area of
SAW devices. The following is a series of XPS spectra of adsorbed PVOH on a SAW
device (Figure III- 16 - Figure III-20) and the results of some vapor phase reactions.
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Figure III- 16. Survey XPS spectra of PVOH adsorbed on the surface of a hydrophobizedSAW device. Atomic concentration obtained from multiplex spectra (not shown)- 15
deg., C, 49.3; O, 30.9; Si, 12.3; F, 5.4; Al, 2.1; 75 deg., C, 30.6; O, 43.8; Si, 12.4; F, 6.7;
Al, 6.6.
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Figure III- 17. Survey XPS spectra of PVOH adsorbed on the surface of a hydrophobized
SAW device and modified with the vapor of HFBC. Atomic concentration obtained from
multiplex spectra (not shown): 15 deg., C, 41.5; O, 14.0; Si, 1.2; F, 41.3; Al, 2.1; 75
deg., C, 34.3; O, 22.1; Si, 5.3; F, 34.5; Al, 3.8,
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Figure III- 18. Survey XPS spectra of PVOH adsorbed on the surface of a hydrophobizedSAW device and modified with the vapor of butyl isocyanate. Atomic concentration
obtained from multiplex spectra (not shown): 15 deg., C, 61.6; O, 23.3; Si, 6.8; N, 5.6- F
0.2; Al, 2.5; 75 deg., C, 55.1; O, 25.5; Si, 6.4; N, 6.8; F, 2.7; Al, 3.6.
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Figure III- 19. Survey XPS spectra of PVOH adsorbed on the surface of a hydrophobized
SAW device and modified with the vapor of trichloroacetyl chloride. Atomic
concentration obtained from multiplex spectra (not shown): 15 deg., C, 43.4; O, 25.9; Si,
8.6; F, 7.5; Al, 2.3, CI, 12.4; 75 deg., C, 42.4; O, 31.2; Si, 8.1; F, 4.9; Al, 3.6; CI, 9.7.
137
X 1 0* 005-ang
1 000 900 800 700 600 500 400 300 200 1 00 0
Binding Energy (eV )
Figure in-20. Survey XPS spectra of PVOH adsorbed on the surface of a hydrophobizedSAW device and modified with the vapor of pentafluorobenzoyl chloride. Atomic
concentration obtained from multiplex spectra (not shown): 15 deg., C, 38.9; O, 6.9; F,
54.2; 75 deg., C, 36.1; O, 10.0; F, 53.9.
Basically, these spectra prove that the reactions are occurring on the surface of
SAW devices, and the elemental concentration is consistent with the particular reagent
and yield. The yields could be estimated from the thickness of control silicon wafers
placed in the same reaction vessels with SAW devices. Table III-3 lists the reagents used
for modification of adsorbed PVOH and resultant frequency shifts of SAW devices.
Most of the sensor surfaces were modified with HFBC because PVOH reacts with it
extremely fast (note the effect of time in Table III-3) and very promising preliminary
vapor analysis results were obtained on PVOH-HFBC (see below). It is seen that the
frequency drop of SAW devices correlates very well with thickness changes and yield on
silicon wafers. One remarkable acyl chloride, PFBC, shifts the frequency by more than 2
MHz, increases the thickness of PVOH adsorbed on a silicon wafer by more than 300%,
and covers the SAW surfaces so completely that no aluminum or silicon are detected by
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XPS (Figure III-20).
Table III-3 Chemical modification ofPVOH adsorbed on hydrophobized SAW devices
monitored by frequency changes and parallel results obtained on control silicon wafers.
ivcagciii aliu Limc ^^4. 1*1' r»Control silicon wafer
(advancing/receding
water contact angles,
inicKness cnange, yield)
Average frequency drop on
SAW device with adsorbed
PVOH (kHz) (number of
samples)
HFBC 1 5h 1 IZ/Oo, J 1 jUto 627±260 (65)
HFBC, 2h 112/83 51A 69% 1 0'^d.-i-i 1 $i /"i1 WJHj=1 1 O V 1 J j
HFBC, 3h 113/77, 41 A, 66% 1180±130 (2)
Acetyl Chloride, 2h 94/32, 16A, 60% 376±4 (2)
Hexanoyl Chloride, 2h 104/38, 34A, 49% 316±59 (2)
Benzoyl Chloride, 60 °C, 14h 68/23, 6A, 10% 78±5 (2)
Butyl isocyanate, 70 °C, 12h 92/27, 3 7A, 61% 707 (1)
Trichloroacetyl chloride, 2h 92/60, 42A, 90% 1040(1)
Phenyl isocyanate, 60 "C, 14h 81/22, 8A, 11% 250±10(2)
PFBC, 60 °C, 14h 120/84, 88A, 91% 2394(1)
Overall, it is obvious that we can do controlled chemistry on the surface ofSAW
devices with very decent reproducibility.
IIL5.4. Results: gas testing of coated SAW devices
It should be mentioned that the choice of specific chemistry done on PVOH was
largely dictated by our previous successful results on silicon wafers and emphasis on
reproducibility. Of course, we expected that, for example, PVOH-HFBC coated SAW
devices will be sensitive to fluorine-containing compounds, such as common nerve gases,
and PVOH enriched with hydrocarbon moieties could be useful in detecting diesel fuel.
Obviously, a more targeted synthesis of surfaces will be needed before our findings in
this section can be applied to making real devices.
SAW devices having both virgin and modified PVOH on the surfaces were tested
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SAW devices having both virgin and modified PVOH on the surfaces were tested
for their response to vapors of various Hqu.ds, including dimethyl methylphosphonate
(DMMP, a common nerve gas simulant), 1 ,5-dichloropentane (DCP, a mustard gas
simulant), diesel fuel, and methanol.
Even though virgin PVOH coatings were not intended to be used as sensors, their
behavior m the environment with controlled humidity represented a fundamental interest.
The response of hydrophobized SAWs with adsorbed PVOH to DMMP was studied in
0% and 60% relative humidity. Figure m-21 shows the averaged response of 4 sensors
to DMMP in different humidity. The response of virgin PVOH to DMMP in a humid
environment is considerably stronger than in dry atmosphere. It is known that PVOH
readily absorbs moisture from air, so in the humid atmosphere the film will have a
considerable amount of water. Thus, a simple explanation of this may be that DMMP,
being water-soluble, partitions better into swollen PVOH.
Figure ni-22 and Figure ni-23 show the response of two samples of PVOH
modified with HFBC (1.5 h reaction) to high and low concentration of DMMP,
respectively. Curves of the same color correspond to the same devices on both figures.
From these graphs we can conclude that the PVOH-HFBC coatings produce good
reproducibility and sensitivity. The signal scales well with the analyte concentration, and
when one of the two samples shows weaker response to one concentration of analyte, it
also consistently shows a weaker response to another concentration. It is important to
note that these surfaces had been reacted with HFBC for the shortest period of time, 1.5
hours.
Table III-4 lists the responses from other PVOH-HFBC coatings synthesized over
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-hour period, and they are considerably weaker.
Figure III-21. Effect of humidity on the response of PVOH-coated SAW devices
(average of four) to 12 ppm of DMMP: 0% (blue) and 60% (green) relative humidity.
Time Iroin Hit [sees]
Figure III-22. Response of PVOH-HFBC (1.5 h reaction) coated SAW device to 12 ppm
of DMMP. Two different samples (blue and green curves) prepared in the same
conditions w^ere tested.
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Figure III-23. Response of PVOH-HFBC (1.5 h reaction) coated SAW device to 4 ppm
of DMMP. Two different samples (blue and green curves) prepared in the same
conditions were tested.
Table III-4. Maximum frequency shift (kHz) of SAW devices with a given coating
material after a 180 s exposure to several analytes at given concentrations. Negative
values mean increase, rather than decrease, in frequency. All frequency shifts are
reversible.
DMMP
4 ppm
DMMP
12 ppm
DCP 12 ppm Diesel
13 ppm
Methanol
100 ppm
PVOH-
Acetyl
Chloride
3.2±0.3 6.5±0.5 0.8±0.1 -1.0±0.1
-0.7±0.1
PVOH-
Hexanoyl
Chloride
4.5±0.2 8.0±0.3 0.5±0.1 -1.4±0.1 -0.5±0.2
PVOH-
BuNCO
5.0±0.2 2.2±0.2 1.6±0.2 +0.6±0.1 -0.2±0.1
PVOH-
HFBC (1.5
h)
16±2 35±2 0.2±0.1 -1.5±0.3 -0.2±0.1
PVOH-
HFBC (3 h)
5±1 12±1 0.2±0.1 -0.6±0.2 -0.2±0.1
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The simple notion that we need to leave some room for DMMP in PVOH film
may explain why PVOH-HFBC of lower conversion is more sensitive. Also, a lower
conversion of PVOH may indicate higher absorbed water content, so DMMP may prefer
this environment like it did in the controlled humidity studies.
As can be seen from Table in-4, the PVOH-HFBC coating provides a very
strong response to the target analyte DMMP, at the same time it does not respond well to
DCP or methanol. On the other hand, two coatings of PVOH modified with acetyl
chloride (PVOH-AcCl) and hexanoyl chlorides both show mediocre responses to DMMP,
but respond well to DCP, diesel and methanol. Apparently, the greater polarity of
PVOH-HFBC is responsible for pronounced interaction with DMMP, but coatings with
less polar substituents interact better with non-polar compounds such as DCP and diesel
fuel. Frequency gain after exposure of the sensors to diesel and methanol indicates
swelling-induced modulus change ("stiffening" of the material) rather than simple mass-
loading response (Figure III-24 and Figure ni-25). This signal can still be used for
successful determination of these analytes. Interestingly, the only coating not showing
such response to diesel is the one obtained with butyl isocyanate, which at the same time
has the strongest frequency shift upon exposure to DCP,
Overall, it is clear that SAW devices covered with modified PVOH are suitable
for vapor sensing. Three important virtues of sensors, sensitivity, selectivity, and
reproducibility, are present in these devices. These preliminary results outline possible
improvements that can be done to these sensors (i.e., optimization of esterification yield
for maximum response), and the chemistry discussed earlier provides a simple handle to
address them.
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Figure in-24. Response of PVOH-AcCl coated SAW devices to diesel fuel vapors Two
different samples (blue and green curves) prepared in the same conditions were tested.
180 240 300 360 420
Time Irom Hit [sees]
480 540 600 660 721
Figure III-25. Response of PVOH-AcCl coated SAW devices to methanol. Two
different samples (blue and green curves) prepared in the same conditions were tested.
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II1.6. Concliisinn<!
We have looked into a few of many potential applications of PVOH adsorption on
hydrophobic surfaces. Our goal was to simply demonstrate the possibility of these
applications, and they all would have to be improved and perfected to serve in the real
world.
PVOH adsorption promotes better adhesion of a non-polar polymer, HDPE, to
epoxy resin. As shown by XPS, PVOH-HDPE boundary is the weak interface of the
whole joint. We suggest that PVOH allows for better spreading and penetration of the
epoxy on the surface of the material, which in the end means stronger adhesion.
Being a hydrophilic polymer, adsorbed PVOH significantly reduces protein
adsorption when BSA was used as an example. Attaching a popular protein-repellent
polymer, polyethylene glycol, to PVOH further reduces protein adsorption and may help
develop biocompatible and non-biofouling materials.
The chemistry of adsorbed PVOH that we developed in Chapter 2 allowed us to
print defined features on the surface using vapor phase reactions and off-the-shelf
templates. Obviously, the next logical step would be designing and making these
templates, for examples by electron beam lithography, and transferring desired images
and text onto the surface.
Finally, we have successfully demonstrated that PVOH adsorption and
modification can be used in the design of vapor sensing devices. Remarkable
reproducibility of PVOH adsorption enabled further controlled chemical modification,
which in the end led to reproducible gas testing experiments.
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